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CHAPTER 1. GENERAL INTRODUCTION 
Since the discovery by Oswald Avery in 1944 that DNA is the generic material in all 
organisms, scientists have been trying to understand at the molecular level how generic material 
leads to the particular phenotype of an organism (Avery et al., 1944). Information travels from 
DNA to RNA and finally to protein. Entire fields of science have been dedicated to 
understanding this process, from the genome to transcriptome to proteome and beyond. 
Much of the early generics research focused on understanding what genes are, and how they are 
transcribed into mRNA. This field has been greatly assisted with the recent complete 
sequencing of numerous prokaryoric, viral, human, drosophila, and Arabidopsis genomes. 
Certainly many more model plants such as rice and medicago will soon be added to that list. 
Having the sequence of all the genes has permitted many new questions to be asked, yet sheds 
little light on gene expression. 
It appears from the early literature, and one might even be lead to think now, that 
production of a particular mRNA means expression of that gene. The somewhat 
oversimplified view of the transcriptome as evidence of gene expression has been analyzed on 
the single gene level, as well as the whole genome level using microarray technology (Schulze 
and Downward, 2001). Considerable research has provided an excellent understanding of 
DNA sequences required for transcription. Gene promoters, terminators, enhancer and 
repressor sequences have been identified, as well as their interacting transcription factors. 
Microarrays have been extraordinarily useful in showing which mRNAs are stably expressed in 
cells under any of a diverse set of conditions. Unfortunately, knowledge of the transcriptome 
does not always correlate well with the actual proteome in a cell under the same conditions 
(Pradet-Balade et al., 2001). 
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The importance of translational control of mRNA expression is becoming more widely 
recognized (Woese, 2001), and is the focus of this text. Control over translation allows further 
fine-tuning of gene expression, and allows a much more rapid response to stimuli than 
transcriptional modulation because RNAs do not need to be synthesized, processed, or 
transported. In embryos, DNA is often not transcriptionally active for several cycles of cell 
division. To circumvent this problem, RNAs are stored in a translarionally inactive state, where 
they can be rapidly utilized when released from sequestration by fertilization (Wickens et al, 
1996). Localized translational control is used during embryogenesis to establish polarity 
(Richter and Theurkauf, 2001; Wickens et al, 2000). In most viruses the genome itself is RNA, 
therefore control over gene expression must be at the level of translation or RNA templated 
transcription. Many mRNAs have additional elements that cause them to be preferentially 
translated, sequestered, degraded or stabilized, or recoded (Spicher et al., 1998; Gray and 
Wickens, 1998). Cells treated with growth factors, mitogens or hormones show increased 
translation, whereas nutrient deprivation or environmental stress causes decreases in translation 
(Knauf et al., 2001; Bailey-Serres 1999). Ultimately, it is the proteins in the cell that do the bulk 
of the enzymatic work, therefore it is of great importance to know and understand the entire 
path of their production. Even after this level of control, proteins can be further modified to 
alter their activity. Future research using tools such as mass spectroscopy will aid in 
understanding post-translational modifications such as phosphorylation and glycosylation (Peck 
et al., 2001). 
The reader would be forgiven for asking why such intricate and seemingly overly 
complex control over gene expression. Evolution doesn't always take the most direct route, yet 
it is this complexity that allows the diversity of life. It appears that several groups of gene 
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expression patterns have evolved different and equally complex mechanisms of control. It is 
possible to find examples of specific control at every location from DNA to the final active 
protein. It is this level of fine control that has allowed life to exist on what appears to be a 
miniscule number of actual genes. 
Gene expression in eukaryotes differs significantly from prokaryotes, particularly at the 
translation level. This subject of this text is translation of a plant virus, thus it seems 
appropriate to begin with an overview of translation to provide the reader a framework in 
which to place the importance of this work. Several good reviews of transcription have been 
published, and the process is described in all basic genetics textbooks (Li and Young, 2000; 
Huang et al., 1999; Kornberg, 1999). The author refers the reader to these reviews for a more 
complete introduction to the process of transcription. 
Prokaryotic mRNAs are transcribed in opérons, producing polycistronic mRNAs. In 
general, each open reading frame (ORF) in an operon is translated equally. Initiation requires a 
Shine-Delgarno sequence upstream of the AUG start codon. These mRNAs are not 5' capped 
(see below) nor do they normally contain a polyadenylate sequence (poly (A)) at the 3' end 
(Kozak, 1999). In fact, presence of poly (A) denotes instability in prokaryotes (Sarkar, 1997; 
Szalewska-Palasz et al., 1998). 
Eukaryotic mRNAs are quite distinct from those in prokaryotes. Most notably, they are 
monocistronic. Nuclear mRNAs are modified ^transcriptionally with a 5' m7GpppN cap 
structure, as well as a 3' poly (A) tail, with the only known exception being animal histone 
mRNAs which lack the poly (A) tail. Both structures are involved in translation efficiency, as 
well as mRNA stability. There are rare exceptions of mRNAs that do not follow the above 
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rules; they tend to be included in highly condensed viral genomes. In these cases, additional 
RNA sequences in the mRNA either functionally mimic or replace these structures. 
Life and Death of an mRNA 
In eukaryotic cells, RNA is transcribed from DNA in the nucleus. During transcription 
of pre-mRNAs by RNA polymerase II, the 5' cap and lastly the 3' poly (A) tail are added. 
Coordinate with transcription, intron sequences are removed and the final, coding mRNA is 
exported to the cytoplasm. All of these processes occur in large heteromeric RNA-protein 
complexes. The entire sequence of events is closely monitored. RNAs that are improperly 
spliced or contain premature termination codon(s) are tagged and rapidly degraded via the 
nonsense-mediated decay pathway (NMD). It is quite fascinating to note that, in a mechanism 
very similar to translation in prokaryotes, each mRNA may be translated once in the nucleus as 
it is transcribed. In eukaryotes, this could provide a potential check mechanism to be absolutely 
sure the RNA is correct before it is exported (Iborra et al, 2001). Translation in the nucleus is 
one possible way that mRNAs with a termination codon can be marked for NMD. 
Alternatively, splicing "tags" may be left at the splice site junctions. During translation, these 
tags are used to identify truncated mRNAs and trigger NMD (Wilusz et al, 2001). Signals 
located in the mRNA called "zip codes" direct them to the proper localization in the cell, where 
they can be either stored or translated by ribosomes on the endoplasmic reticulum (Jansen, 
2001). The 5' cap assists in recruiting ribosomes, but it also plays a significant role in regulating 
RNA stability. 
mRNAs lacking a cap or poly (A) tail are degraded very quickly in cells (Jacobson and 
Peltz, 1996; Beelman and Parker, 1995). Because mRNA is degraded in the 5' to 3' direction it is 
somewhat surprising that poly(A)-binding protein (PABP) can protect RNA from degradation. 
5 
mRNA turnover is initiated by shortening of the poly(A) tail. In yeast, a PABP-dependent 
poly(A) nuclease (PAN) and in animals, poly(A) ribonuclease (PARN) binds to the mRNA to 
both the 5' cap and 3' poly(A) tail. Interaction of these proteins requires déstabilisation of the 
translation initiation complex eIF4F/PABP to allow decapping enzymes to access the mRNA 
(Schwartz and Parker, 2000). As a corollary to this, binding of eIF4F/PABP to an mRNA will 
therefore stabilize the mRNA by preventing access of deadenylating and decapping enzymes 
(Schwartz and Parker, 1999). Mutations in PABP destabilize mRNAs, presumably because the 
poly(A) tail is not protected. Following deadenylation, the PAN ribonuclease dissociates and 
Dcpl rapidly decaps the mRNA. Once a mRNA has been decapped, it is degraded in the 5' to 
3' direction by the Xrnl nuclease (Wilusz et al, 2001). 
Initiation factor eIFiso4G, in addition to its role in translation, also associates with 
microtubules, suggesting an important role in linking translation to the cytoskeleton (Bokros et 
al, 1995). Each of the different stages in the life of an mRNA is intricately interwoven; not only 
do translation factors assist in translation but they also affect mRNA localization and 
degradation. 
Translation of cellular mRNAs 
The first step in translation begins with the selection of initiator tRNA and its 
association with eIF2/GTP (Fig. 1). Together with a 40S ribosome, these factors form the 43S 
preinitiation complex competent for initiating translation. Structures in both the 5' and 3' ends 
of the mRNA are required for recruitment of factors to the mRNA. In typical cellular mRNAs, 
these structures are a 5' m7GpppN (cap) and a poly(A) tail. The cap-binding eIF4E family of 
proteins binds the 5' cap, and PABP binds the poly(A) tail. These proteins are associated with 
eIF4G, which can in turn recruit the 43S preinitiation complex. As they are typically found 
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together in cells, eIF4E and eIF4G form the factor eIF4F. Ribosomal binding to the 5'end 
requires eIF3, eIF2/GTP/Met-tRNA,, ATP, eIF4F, and is enhanced by eIF4B (Pestova et al, 
2001). This complex is arrested at this stage, and does not reach the initiation codon until 
joined by elFl and elFlA. These two initiation factors allow the ribosome to enter a 
processive mode where it can scan along the 5' untranslated region until it reaches the initiation 
codon. Extensive secondary structure in the mRNA inhibits scanning, and greatly reduces the 
efficiency of initiation (Kozak, 1989). This is purely an effect on ribosome scanning, as 
extensive secondary structures do not inhibit formation of initiation complexes recruited by the 
cap and poly(A) tail (Niepel et al., 1999). This has significant implications for highly structured 
viral 5'UTRs, such as the subject of this dissertation. Associated helicases eIF4A and eIF4B 
unwind the RNA and allow the ribosome to move unimpeded. The helicases are required for 
translation of mRNAs with highly structured 5'UTRs; in a yeast strain with a disrupted eIF4B 
gene these mRNAs were poorly translated (Altmann et al., 1993). Interaction between the 
AUG and the anticodon of initiator tRNA holds the complex in place, forming the 48S 
initiation complex. At this stage, eIF5 activates GTP hydrolysis by eIF2, elFSB joins to 
promote 60S ribosomal subunit association with the 48S complex. eIF5B adopts its active 
conformation when bound to GTP, and can promote multiple rounds of subunit joining. 
Upon formation of the 80S ribosome, initiation factors are released and elongation of the new 
growing peptide begins. Once the stop codon has been reached, release factors (RFs) join to 
facilitate dissociation of the 40S and 60S subunits, and the nascent peptide released (Futterer 
and Hohn, 1996; Merrick, 1992). 
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Figure 1. Initiation events in eukaryotic translation (from Browning, 1996). The cap 
binding proteins (eIF4E/iso4E) and the multi-subunit adapter proteins (eIF4G/iso4G) are 
indicated as the complex eIF4F/iso4F. PABP interacts with this complex, as well as eIF4B 
(see text for details). It is unclear if PABP dissociates from the mRNA with eIF4F/iso4F 
upon joining of the 43S preinitiation complex. 
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The 5' cap and 3' poly(A) tail act synergistically to enhance translation (Iizuka et al., 
1994; Tarun and Sachs, 1995; Gallic, 1991; Gallic 1998). Either modification alone has a 
moderate effect on initiation, generally 5-50 fold, whereas in combination translation can be 
enhanced over 1000 fold above unmodified RNAs. The seemingly ubiquitous requirement for 
structures in the 5' and 3' UTR brought about the hypothesis that mRNAs are circularized by 
initiation factors. This idea is not new - as early as the 1960s it was proposed that ribosome 
recycling would be the most efficient mode of translation (Phillips, 1965; Baglioni et al., 1969). 
In this model, circular mRNAs are more competent for translation and will out-compete 
mRNAs lacking either structure. The addition of exogenous of eIF4E to yeast extracts represses 
translation of uncapped RNAs, supporting the idea that cap binding not only stimulates RNA 
expression, but also prevents translation of degraded transcripts (Tarun and Sachs, 1997). An 
important effect of circularization is the prevention of translation from RNAs whose integrity 
has been compromised as a result of degradation. This model has been borne out by evidence 
of circular mRNAs in cells and in vitro using a very limited number of initiation factors (Wells et 
al., 1998). The primary factors involved in this interaction are eIF4E that binds cap, PABP, and 
eIF4G that acts as an adapter to bridge between eIF4E and PABP. 
Two hypotheses exist to explain this phenomenon: ribosomes recruited to an mRNA 
are recycled to translate the same mRNA many times; or synergy is facilitated by enhanced 
interactions of initiation factors. In standard in vitro extracts RNAs are cap dependent, whereas a 
poly(A) tail provides a less significant, additive stimulation. This has been attributed to excess 
ribosomes and translation factors, as depletion of factors or addition of saturating amounts of 
RNA recapitulate synergy. Translation extracts depleted of ribosomes and initiation factors 
showing synergy between cap and poly(A) tail were more resistant to high salt conditions 
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(Borman et al 2000). Also, capped RNAs were more sensitive to inhibition by cap analogue 
than cap-poly(A) RNA. Comparison between uncapped or non-polyadenylated RNAs to 
capped and poly(A) RNAs showed synergy derives from an increase in translational efficiency 
and not functional stability of the RNA. These data taken together, along with structure data of 
eIF4E and PABP bound to their substrates, show that binding of factors to both cap and 
poly(A) enhance the strength of all interactions. Synergy, therefore, likely derives from 
increased binding affinity of eIF4E and PABP to the cap and poly(A) tail when both are present 
on an mRNA. The absence of either cap or poly(A) tail destabilizes the interaction, resulting in 
decreased translational efficiency (Sachs and Buratowski, 1997). 
In mammalian cells, eIF4F also includes a helicase, eIF4A. In plants, eIF4A also binds 
to eIF4F albeit with a weaker affinity, and does not copurify with eIF4F. The structure of 
eIF4E bound to cap-analogue has been solved, showing specific contacts determining the 
strong specificity for only methylated cap structures (Marcotrigiano et al., 1997). Both eIF4E 
and eIF4G exist in at least two isoforms (Browning et al., 1987; Gradi et al., 1998). There are at 
least three cap-binding proteins in Arabidopsis (nCBP, Ruud et al, 1998) and human cells 
(4EHP, Rom et al., 1998), and several more in C. elegans with specificity for differently 
methylated cap-structures Jankowska-Anyszka et al., 1998). In vivo, each iso form is found only 
with its corresponding partner, although recombinant versions of mixed eIF4Fs can be formed 
in vitro and are functional (KS Browning, personal communication). Although eIF4E is can 
bind to the cap structure on its own, the stability of the interaction is gready enhanced when 
eIF4E is present in the eIF4F complex (von der Harr et al, 2000). The increased affinity from 
die association of eIF4E with eIF4G can ensure that only functional eIF4F complexes are 
bound to mRNAs destined for translation. 
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eIF4E is the limiting factor for initiation, therefore changes in translation rates are often 
related to modulation of eIF4E activity. Overexpression of eIF4E, eIF4G, or eIF3 (below) 
results in malignant transformation of cells (Zimmer et al., 2000). Consistent with this finding, 
it has been found that many oncogenes contain putative highly structured 5'UTRs and therefore 
would be predicted to be regulated translarionally (Kozak, 1991). 
Activity of eIF4E is altered in the cell by its phosphorylation state and by eIF4E binding 
proteins (4EBP). Phosphorylation of eIF4E increases its affinity for eIF4G and mRNA, 
thereby increasing overall capped translation (Raught and Gingras, 1999). In contrast, binding 
of 4EBP to eIF4E inhibits eIF4E activity. Hypophosphorylated 4EBP binds well to eIF4E, 
whereas hyperphosphorylated 4EBP does not bind to eIF4E. Phosphorylation of 4EBP is 
increased by stimulation from hormones, growth factors, cytokines, and mitogens. 
Phosphorylation can be decreased by environmental and nutrient stresses, as well as viral 
infection (Kleijn et al., 1996). 4EBPs compete for the binding site of eIF4G on eIF4E, 
preventing further recruitment of initiation complexes to mRNAs (Mader et al., 1995). In 
mammalian cells, three iso forms of 4EBPs exist with apparendy similar function (Poulin et al., 
1998). 
In contrast to the eIF4E iso forms, the isoforms of eIF4G present in cells have vastly 
different sizes and apparendy varying function. For example, eIF4G from plants is 220kDa and 
eIFiso4G is only 86kDa. In yeast cells eIF4G2 shows the same synergy as eIF4Gl, but is more 
resistant to inhibition by excess cap-analog and apparendy only participates in approximately 
10% of the overall translation (Tarun and Sachs, 1997). eIF4G provides the scaffold onto 
which eIF3 and the 43S ribosomal complex can be recruited (Hentze, 1997). eIF4G is modular 
in design, with specific regions that have evolved to interact with other factors (Craig et al., 
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1998; Imataka et al., 1998; Tarun and Sachs, 1996). In general, eIF4G proteins are organized 
with the PABP binding site at the N terminus, followed by the eIF4E-binding site. eIF3 
interacts with the central third of the protein, and eIF4A bind to the central third and to the C-
terminus. eIF4G also contains RNA recognition motifs (RRM) in the central third that have 
been shown to interact with 1RES (internal ribosome entry site) sequences (Pes to va et al., 
1996). A protein from mammalian cells has been isolated that contains homology to eIF4G, 
binds poly(A), but lacks the eIF4E binding site (Levy-Strumph et al., 1997). No homologue has 
been identified from plants. Polyadenylate-interacting protein (PAIP) was initially thought to act 
in poly(A) dependent translation, as original clones of eIF4G from humans were missing the 
N-terminal PABP-binding site and PAIP appeared to replace this interaction. The sequence of 
full length eIF4G has since been shown to contain binding sights for and functionally interact 
with PABP (Imataka, 1998). . PAIP is present at a 6 fold lower concentration than PABP, and 
its role in translation is not clear. 
PABP associates with mature mRNAs in the cytoplasm, where it protects RNAs from 
degradation via poly(A) tail shortening and participates in ribosome recruitment (Gallic and 
Tanguay, 1994). PABP contains four RRMs, only one of which is required for interaction with 
poly(A) RNA (Sachs et al., 1987). RRM2 is required for the interaction between PABP and 
eIF4G (Kessler and Sachs, 1998). Cocrystal structures of PABP bound to poly(A) show that 
recognition of poly(A) by RRMs 1 and 2 causes PABP to refold into a structure that can 
interact with eIF4G (Deo et al, 1999; Sachs and Varani, 2000). In vitro data suggests that RRM4 
also plays an important part in mediating the poly(A)-dependent translation function of PABP 
(Kessler and Sachs, 1998). Enhancement of poly(A) dependent translation requires the 
interaction of PABP with eIF4G. In yeast, but not in human PABP, poly(A) RNA is absolutely 
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required for PABP to associate with eIF4G (Tarun and Sachs, 1996). In addition, PABP also 
stimulates cap-dependent translation in trans, possibly through stabilization of the 
eIF4G/eIF4E interaction with the 5' cap (Le et al., 1997; Otero et al., 1999). 
Cap-Independent Translation 
Translation as discussed so far is dependent on die presence of a cap and poly(A) tail. 
There are certain cases in which this system breaks down - either to facilitate translation of 
genes under stress, or by viral mRNAs attempting to circumvent cellular defense strategies. In 
other cases, translational control is exerted to repress translation from cap-poly(A) mRNAs to 
facilitate rapid release or repression of expression of a specific set of genes. 
Cellular mRNA structures affecting translation initiation 
The most familiar example of cellular translational control is that of the animal histones, 
whose mRNAs are not polyadenylated. In place of the poly(A) tail, histones have a conserved 
stem-loop structure in the 3' UTR of the mRNA that binds to one of two stem loop binding 
proteins (SLBP). His tone mRNA translation is synergistically enhanced by the 3' terminal stem 
loop in conjunction with a 5'cap, signifying it is functionally analogous to the poly(A) tail (Gallic 
et al., 1996). 
Mammalian his tone mRNAs utilize a poly(A) tail independent mechanism to regulate 
their expression developmentally. In contrast, plant histone messages are polyadenylated and 
are not translatable with the mammalian stem-loop sequence in place of the poly(A) tail (Gallic 
et al., 1996). In Xenopus oocytes, SLBP1 is primarily nuclear and participates in processing the 
histone pre-mRNA. SLBP2 is cytoplasmic and sequesters histone mRNA from being translated. 
As the oocytes mature, SLBP2 is degraded and SLBP I become bound to the mRNA and allows 
it to be translated (Wang et al., 1999). This mechanism provides a rapid increase in the amount 
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of histone protein required by rapidly growing embryos. Control at the level of translation is 
very important in Xenopus oocytes as there is no transcription until after midblastula transition, 
around 4000 cells, far later than the requirement for histones. 
3 ' and 5' UTR elements 
Several cellular mRNAs contain sequences in their UTRs that regulate translation. In 
most cases, these elements exist to repress translation in a way that can be rapidly reversed 
without the requirement of further transcription or RNA modifications. One of the best-
studied mechanisms is that of the iron regulatory elements (IRE). IREs are used to regulate the 
expression of specific iron storage and uptake proteins, used by cells for protection from the 
damaging effects of free iron. Translation control is exerted by binding of one of two 
cytoplasmic iron regulatory proteins (IRP1 and IRP2) to IRE in either the 5' or 3' UTR of these 
mRNAs when iron is abundant (Rouault et al., 1996). Binding of IRPs to a 5' IRE does not 
disrupt the formation of the eIF4F complex on the 5'-cap, but appears to prevent further 
recruitment of the 40S ribosome by steric hindrance (IVIuckenthaler et al., 1998), thereby 
inhibiting translation. Under conditions of low iron, binding is repressed and the IRP1 is 
converted into an aconitase. By forming the first step of the initiation complex on the mRNA, 
ferritin mRNAs remain poised for translation so that translation may begin immediately 
following removal of IRP from the 5'UTR. Interaction of IRP with 3' IREs stabilizes the 
mRNA by blocking instability elements. 
Additional examples come from Drosophila and C. elegans, whose developmental 
pathways have been extensively studied (Goodwin et al., 1997). Transcripts from genes 
including hunchback (Sonoda and Wharton, 1999), oskar (Gunkel et al., 1998), and fem3 
(Zhang et al., 1997) are translarionally repressed under specific conditions. Spatial control of 
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these developmental genes is very important for proper development in these organisms. 
Similar regulation of cellular genes occurs in plants (Bailey-Serres, 1999). Genes activated in 
stress conditions such as hypoxia, heat shock, and light, as well as developmental and stress 
responses to plant hormones and even programmed cell death are selectively translated 
(Lindquist 1986). Heat shock in plants causes other interesting phenomena - mRNAs are not 
degraded, but rather maintained by increased stability and translarionally repressed by disruption 
of the interaction between the cap and poly(A) (Gallic et al., 1995). Plants most likely use this 
mechanism so that following recovery from heat shock; translation can immediately resume 
without further transcription, which would waste additional time and energy. 
Translation Elements in Non-Plants 
The Internal Ribosome Entry Site (1RES) 
Animal viral RNAs that lack a cap have evolved a unique mechanism of initiation on highly 
structured RNAs independent of a free 5'end. These mRNAs contain internal ribosome entry 
sites (1RES), a highly structured sequence that recruits ribosome in the absence of the eIF4E-
cap interaction. In picomaviruses there are three major groups of IRESes based on structure 
and sequence similarities (Table 1). The Type I group includes entero- and rhinoviruses, 
common members being poliovirus and rhinovirus. The Type II group includes the cardio- and 
apthoviruses: encephalomyocarditis virus (EMCV), Theiler's murine encephalomyelitis virus 
(TMEV), and foot-and-mouth disease virus (FMDV). Type III contains the much less efficient 
hepatitis A virus (HAV). These viral RNAs are not capped but rather have a VPg, although they 
do have a 3' poly(A) tail. A common function of the picornavirus IRESes is direct binding to 
eIF4G (Kolupaeva et al., 1998). 
Family Viruses Mechanism Modifications Viral elements Primary factors References 
alfamo AMV cap-dependent cap cap, 3'UTR coat protein Bol, 2002 
aptho FMDV Picoma Type II - 1RES poly(A) 5'UTR elF4G Pestova, 2001 
bromo BMV cap-dependent cap 5'UTR, 3' tRNA-like unknown Sullivan, 1997 
cardio EMCV Picoma Type 11 - 1RES poly(A) 5'UTR e!F4G, elFiso4G Pestova, 2001 
carmo TGV cap-independent VPg? 5'UTR, 3'UTR unknown Qu, 2000 
cricket- CrPV, PSIV, DCV, 1RES - P site initiation VPg, poly(A)? intergenic region 40S ribosome Sasaki, 2000; 
paralysis like RhPV, HiPV Moon, 1998 
cucumo CMV cap-dependent cap 3UTR/5UTR unknown Kwon, 1998 
entero PV Picorna Type 1 - 1RES VPg, poly(A) 5'UTR PTB, elF4G, elFiso4G Hellen, 1993 
flavi WNV cap-dependent cap 3'UTR (-) 3 cellular proteins LI, 2001 
hepaci HCV 1RES - P site initiation poly(A) 5'UTR, 3' X region 40S ribosome, PTB, elF3 Pestova, 1998; Ito, 98 
hepato HAV Picoma Type III - 1RES VPg, poly(A) 5'UTR elF4F, elFiso4F Borman, 2001 
lent! SIV 1RES cap, poly(A) 5'UTR unknown Marinez-Salas, 2001 
luteo BYDV cap-independent none 5'UTR, 3'TE elF4F, elFiso4F Wang, 1995 
necro TNV cap-independent none 5'UTR, 3'UTR unknown unpublished data 
pesti BVDV, CSFV 1RES - P site initiation no poly(A) 5'UTR 40S ribosome, PTB Chon, 1998; Lemon, 1997 
picoma TMEV Picoma Type II - 1RES poly(A) 5'UTR elF4G, elFiso4G Pestova, 2001 
polero PLRV, CYDV cap-independent VPg 5'UTR (- PLRV, + CYDV) unknown Juszczuk, 2000 
potex PVX cap-dependent cap 3' U rich region 28kDa, 32 kDa Sriskanda, 1996 
poly TuMV, TEV, PPV cap-independent, VPg, poly(A) 5'UTR, VPg elF4E Gallie, 1995; 
leaky scanning, PPV Simon-Buela, 1997 
retro MuLV, HIV 1RES cap, poly(A) 5'UTR unknown Marinez-Salas, 2001 
rhino HRV Picoma Type 1 - 1RES poly(A) 5'UTR PTB, elF4G, elFiso4G, UNR Hellen, 1993; Hunt, 1999 
satellite STNV cap-independent none 3'TED elF4F, elFiso4F Danlhinne, 1993 
sobemo SBMV-C cap-independent VPg unknown Sivakumaran, 1998 
tobamo TMV cap-dependent cap 5' UTR (W), 3' tRNA-like hsp102 Tanguay, 1996 
tobamo crTMV 1RES intergenic region unknown Ivanov, 1997 
tombus TBSV cap-independent none 3'CITE unknown Wu, 1999 
rota rotavirus A cap-dependent cap 3' GACC NSP3A Piron, 1999 
Table 1. Non-canonical viral translation elements. Method of translation initiation, 
presence of a cap, poly(A) tail, or other modification, required viral elements and 
interacting host factors, and representative references for each virus arc listed. 
16 
In Type I IRESes, initiation begins about 160nt from the 3' border of the 1RES, 
suggesting the ribosome must either scan or "shunt" to the initiation codon. Poliovirus 1RES 
elements function poorly in neuronal and human blood cells because required cellular factors 
are missing in these non-permissive cell types (Pestova et al., 1991). Although expression 
driven by picornaviral IRESes in reticulocyte extracts is very low, it can be enhanced by the 
addition of HeLa cell extracts (Hunt and Jackson, 1999). It was proposed and later shown that 
factors present in HeLa cells but absent in reticulocyte lysates were responsible for 1RES 
activity. One necessary factor was identified as polypyrimidine tract binding protein (PTB), 
which appears to stabilize the 1RES in a functional conformation (Ali and Siddiqui, 1995; 
Hellen et al., 1993). The IRESes of poliovirus, FMDV, and TMEV are strongly dependent on 
PTB. To apparently maximize the effectiveness of the 1RES and inhibit host translation (Lyles, 
2000), picomaviruses cleave eIF4G via the 2A protease (polio) or the leader protease (FMDV). 
Cleavage of eIF4G separates the eIF4E-binding domain, preventing eIF4G from interacting 
with capped mRNAs. Kinetics of these cleavage events show, in the case of rhinoviruses, that 
eIF4GI is cleaved by 4 hpi, while eIF4GII shows 67% cleavage by 6 hpi (Svitkin et al, 1999). 
Cleavage of eIF4GII correlates with the inhibition of host protein synthesis, suggesting both 
forms of eIF4G must be cleaved before host protein synthesis will be inhibited. Because 
picomaviruses utilize an 1RES for initiation, translation is not inhibited whereas host translation 
is dramatically decreased. The 2A protease and 3C protease also cleave PABP, which may 
further contribute to inhibition of host translation. Both classes of viruses also induce 
phosphorylation of 4EBPs, which leads to further inactivation of cap-independent translation 
(Gingras and Sonenberg, 1997). 1RES driven translation is also enhanced significantly by the 
presence of a poly(A) tail, somewhat surprising considering the ability of IRESes to recruit 
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ribosomes independently(Bergamani et al., 2000; Michel et al., 2001). Furthermore, the cleavage 
of eIF4G also removes its PABP binding site. It has been proposed that the interaction 
between PABP and poly(A) is essential only when this interaction between eIF4E and cap has 
been compromised by cleavage of eIF4G by viral proteases (Tarun et al., 1997). Potentially the 
stimulation from a poly(A) tail allows 1RES mediated translation to compete against host 
mRNAs at the earliest stages of infection, and that this mechanism is not required after host 
translation has been reduced. 
In Type II IRESes, ribosomes bind directly at the initiation codon where translation can 
begin. Initiation requires only ATP, elFs 2, 3, 4A, and the central third of 4G (Pestova et al, 
2001). Formation of the 48S preinitiation complex is enhanced four-fold by eIF4B, and less 
than two-fold by PTB. Surprisingly, inclusion of elFl caused the 48S complex to dissociate 
from the 1RES con firming its role in enhancing the fidelity of proper initiation codon choice. 
The IRESes of hepatitis C virus (HCV), classical swine fever virus (CSFV), and bovine 
viral diarrhea virus (BVDV) are distinct from picornavirus IRESes in both sequence and 
structural motifs (Poole et al., 1995; Lemon and Honda, 1997). Remarkably, these 1RES 
elements can bind direcdy to the 40S ribosome in the absence of most initiation factors, placing 
the initiation codon in direct proximity of the ribosomal P site (Pestova et al., 1998). The 
ternary complex eIF2/GTP /Met- tRN A, is sufficient to lock the 40S subunit onto the initiation 
codon. The 1RES also binds to eIF3 (which in turn interacts with the ribosome), consequendy 
it is likely present in vivo as a constituent of the 48S complex (Buratti et al., 1998). There is no 
requirement for eIF4A, 4B, 4E, 4G, or ATP hydrolysis. Superficially the mechanism of HCV-
type IRESes resembles prokaryotic initiation by direct interaction with the ribosome near the 
initiation codon, although unlike the single SD sequence required in prokaryotes, 40S binding to 
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the 1RES requires multiple elements (Pilipenko et al., 1992). It is yet unknown whether the 
1RES can base-pair directly to the 18S RNA or if proteins mediate the interaction. Deletion 
analyses of the 1RES show two regions, one responsible for ribosome recruitment and the other 
for accurate placement of the initiation codon. Interaction of the HCV 1RES induces 
conformational changes in the 40S subunit, closing the mRNA binding cleft (Spahn et al., 
2001). These changes in the ribosome may promote better binding of the 1RES or provide 
conformations more favorable for factor independent initiation. HCV translation can be 
further stimulated approximately three fold by the presence of a 98nt "X" region in the 3'UTR 
(Ito et al., 1998). The X region binds PTB (Ito and Lai, 1997; Tsuchihara et al., 1997), which 
also interacts with the HCV 1RES and may result in mRNA circularization (Ito et al., 1999). 
The X region can also stimulate translation from heterologous mRNAs lacking an 1RES 
sequence to a similar extent, although the mechanism by which this occurs is not understood 
(Michel et al., 2001). 
Recently, insect picomaviruses including Plautia s tali intestine virus (PSIV, Sasaki and 
Nakashima, 2000), cricket paralysis virus (CrPV, Tate et al, 1999) and Rhopalisiphum padi virus 
(RhPV, Moon et al., 1998), were found to contain an 1RES located in the intergenic region 
between ORFs 1 and 2. Similar to HCV, these IRESes bind the 40S subunit directly (Pestova et 
al, 1998), but uniquely lack an initiation codon at the start site of translation. This group of 
viruses initiates at a CAA codon. The structure of the 1RES positions the ribosome in such a 
way that neither initiation factors nor initiator tRNA is required. Instead, translation initiates 
directly at the P site of the ribosome. The discovery of this new mechanism of initiation 
extends the variations of translation initiation by showing that the initiator met-tRNA is not an 
absolute requirement. 
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Other Mammalian Virus Translation Mechanisms 
Unlike other translation elements discussed that promote translation of uncapped or 
non-polyadenylated mRNA, influenza virus RNAs contain both a cap and poly(A) tail but use 
inhibition of eIF4E to ensure their translation. Cells infected by influenza partially inactivate 
eIF4E by hypophosphorylation. It is unknown whether this is a cellular response to viral 
infection or due to the action of a viral protein. Influenza mRNAs contain caps from cellular 
RNAs, obtained by "cap-snatching", thus would be expected to have reduced translation in the 
presence of hypophosphorylated eIF4E. To circumvent this, influenza mRNAs have sequences 
that bind to the G-rich sequence factor (GRSF) that through an unknown mechanism 
specifically enhances translation of influenza mRNAs. Similar to picomaviruses, influenza, as 
well as adenoviruses, induce phosphorylation of 4EBPs leading to inhibition of host cap-
dependent translation (Gingras and Sonenberg, 1997). 
Rotaviruses employ yet another unique mechanism for ensuring viral translation from 
their capped but non-polyadenylated mRNAs (Table 1). The 3-GACC sequence located at the 
terminus of all 11 rotaviral mRNAs was found to act as a translation element (Chizhikov and 
Patton, 2000). This sequence binds to the viral NSP3A protein, which also binds to eIF4Gl 
(Piron et al., 1998). Through these interactions, the requirement for PABP-poly(A) binding is 
circumvented, allowing the viral mRNAs to be circularized by the cap-eIF4G-NSP3A 
interaction (Vende et al., 2000). In addition to promoting viral translation, NSP3A inhibits host 
translation by evicting PABP from the eIF4F complex thereby preventing efficient translation 
of polyadenylated mRNAs. 
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Translation Elements of Plant Viruses 
We have discussed mammalian IRESes and how they allow animal viruses to 
circumvent translational shut down in infected cells. For cytoplasmic viruses, there are 
additional benefits to avoiding host defense strategies. There is no cellular capping mechanism 
in the cytoplasm; if a virus requires a cap it must encode its own methyltransferase. For plant 
viruses that have a 5' viral linked protein (VPg) such as tobacco etch potyvirus, capping of the 
mRNAs is not possible. Instead, the 5' UTR of these viruses have evolved to become a very 
efficient cap-independent leader that enhances translation synergistically with the viral 3' 
poly(A) tail (Table 1; Sleat et al., 1987; Gallic et al., 1995; Niepel and Gallic, 1999). The VPg of 
potyviruses also specifically binds to eIF4E, possibly assisting translation mediated by the 5' 
UTR in the natural viral context, or sequestering eIF4E from cellular translation (Schaad et al., 
2000; Leonard et al., 2000). Tobacco mosaic virus (TMV) and alfalfa mosaic virus are capped, 
yet not polyadenylated. Despite having a 5' cap, the 5' UTR of TMV (52) also stimulates 
translation of the RNA. Both £2 and a pseudoknot rich domain in the 3' UTR bind to a cellular 
heat shock protein, hspl02 (Tanguay and Gallic, 1996). These RNA-protein interactions 
function in a way to further enhance translation from TMV. 
Satellite tobacco necrosis virus (STNV), several Tombusviridae such as tobacco necrosis 
virus (TNV), turnip crinkle virus (TCV; Qu and Morris, 2000), tomato bushy stunt virus 
(TBSV; Wu and White, 1999), and the L//teovirus barley yellow dwarf virus (BYDV, the subject 
of this dissertation) are neither capped nor polyadenylated, yet still translate efficiently (Table I). 
Of this group, STNV is functionally most similar to BYDV. STNV contains a single ORF, 
expressed from an uncapped, non-polyadenylated mRNA. It has an unusually long 3' UTR of 
approximately 600nt, containing a 3* translational enhancer domain (TED, Danthinne at al., 
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1993). The TED sequence comprises only about 120 nt of the 3* UTR, and requires the viral 5' 
UTR, but will function with heterologous coding sequences (Meulewaeter et al., 1998a, 
Meulewaeter et al., 1998b). TED crosslinks to two proteins in wheat germ extracts of 28kDa 
and 30kDa (van Lipzig et al., 2001). Only the deletions in TED that could still bind these 
proteins were able to function, demonstrating a direct relationship between binding and cap-
independent translation. 
Barley yellow dwarf virus - A. modelfor cap and poly ÇA.) independent translation in plants 
BYDV is a plus strand RNA virus that infects important cereal crops including barley, 
oats, and wheat. It is the type member of the Ljiteovirus genus in the family of Luteoviridae, also 
encompassing the Polerovirus genus (see Appendices). The genomic RNA is 5677nt long, and 
codes for several ORFs (Fig. 2; Mayo and Ziegler-Graff, 1996; Miller, 1999). ORFs 1 and 2 are 
expressed from the genomic RNA. During replication, three subgenomic length RNAs are 
produced (Dinesh-Kumar et al., 1992). Downstream ORFs 3, 4, and 5 are expressed from 
subgenomic RNA1, which extends from bases 2670 to 5677. ORF 6 may be expressed from 
subgenomic RNA2 (sgRNA2), bases 4809 to 5677. sgRNA3 does not contain any ORFs and it 
is unknown if it serves a function for BYDV. BYDV uses several recoding events to express its 
genes from such a compact genome. The replicase (ORFs 1+2) is expressed by a frameshift 
event during translation of ORF1 (Di, 1993; Miller et al., 1997; Paul et al, 2001). ORF5 is 
expressed by readthough of the stop codon of ORF3, and ORF4 is expressed by leaky scanning 
through the initiation codon of ORF3 (Miller, 1999). 
Our lab previously identified a 105 nt translation enhancer (3'TE) in the 3'UTR of 
BYDV, located between bases 4814 and 4918, that conferred efficient cap-independent 
translation in vitro (Wang et al., 1995). The 3'TE requires the viral 5'UTR when located in the 3' 
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Figure 2. BYDV genome organization. The genomic RNA and three 
coterminal subgenomic RNAs produced during virus replication are shown. 
Open reading frames are indicated at the top of the figure, along with the 
predicted size of the encoded protein. The 3TE, poly(A) mimic sequence, and 
initiation sites are shown in boxes on the RNAs. 
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position, but was shown to function alone when positioned in the 5'UTR. The TE forms a 
cruciform structure, composed of three stem-loops (SLI-III), and a terminal stem (SIV) (Fig 3; 
Guo et al., 2000). Mutations of each of these domains show that the sequence of LIII is 
important for function for the 3'-located TE, but not necessary for the 5' located TE. Upon 
closer examination, we found that a 5 base sequence in loop III of the TE is complementary to 
a loop in the 5'UTR. Through chemical modification, disruption and restoration of this base-
pairing, and translation assays the interaction was shown to be required for initiation. Base-
pairing between these sequences does not contribute significantly to RNA stability, showing 
that the primary effect is on translation. A similar loop sequence exists in sgRNAl 5'UTR 
(Chapter 5) that can base-pair to the TE. The presence of this sequence may explain why the 
sgRNAl 5'UTR also functions in conjunction with the TE. 
One major question left unanswered was whether the virion mRNAs were capped. Due 
to the presence of the TE, we would predict that BYDV is not capped, although the closely 
related red clover necrotic mosaic virus (RCNMV) is reportedly capped (Xiong and Lommel, 
1989). In Chapter 2, this question is addressed using sequencing analysis of 5' and 3' end 
labeled virion RNA, and replication data of capped vs. uncapped RNAs, showing that BYDV 
virion RNA is uncapped. These data demonstrate that the 3'TE is required for translation from 
BYDV virion RNA. 
In our in vivo oat protoplast assays, viral sequence in addition to the 105 nt 3'TE is 
required for efficient translation, presently incorporating the entire sgRNA2 sequence of 869 nt. 
In Chapter 3 we address a possible role in of the additional sequence required for cap-
independent in vivo for regulating viral transcription. During infection of BYDV, subgenomic 
RNA2, containing the TE at its 5' terminus, accumulates to a 20 to 40 fold molar excess over 
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genomic RNA (Kelly et al., 1994; Mohan et al., 1995; Koev et al., 1998). Previously, the TE was 
found to inhibit translation in trans at physiologically relevant concentrations (Wang et al, 1997). 
In Chapter 3, the inhibition of the in /wo-defined translation element equivalent to sgRNA2 is 
compared between genomic and subgenomic RNA1. sgRNAl has an unrelated 5'UTR to 
gRNA, but also translates cap-independently with the TE. We found that RNAs with sgRNAl 
5'UTR were much less sensitive to sgRNA2 inhibition in trans. In sgRNAl the loop 
sequencethat interacts with the TE is positioned at the 5' end, whereas in gRNA is located in 
stem-loop IV (Chapter 5). The proximity of the base-pair sequence to the 5'end may help to 
explain why sgRNAl is more resistant to TE inhibition in trans than gRNA. The viral replicase 
expressed from genomic RNA is required in the early stages of infection, before subgenomic 
RNAs accumulate. Gene products from sgRNAl such as coat and movement proteins are 
required later in infection after the genome has been replicated. In Chapter 3, a novel model is 
proposed in which the switch from early to late gene expression is mediated by sgRNA2 
specifically inhibiting gRNA over sgRNAl. This mechanism is solely the result of sgRNA2 and 
not an encoded protein, as abolishing expression of ORF6 does not effect and may potentitally 
increase the /rawj-inhibition function. 
To function in the 3'UTR, the 3TE must (i) recruit ribosomes and associated 
translation factors, and (ii) communicate with the 5' end of the mRNA where translation 
initiates. We propose that protein factors interact with the 3TE to facilitate communication 
between the ends of the mRNA and to promote initiation. Because the 3'TE functions both 
with viral sequences and with non-related reporter mRNAs in the absence of viral proteins, 
host factors must be involved in initiation of translation of BYDV RNA. Previously, we found 
that /nwx-inhibition by the TE could be reversed by addition of exogenous eIFiso4F, suggesting 
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this factor would play a role in TE function (Wang et al., 1997). In Chapter 4,1 identify a set of 
proteins that interact specifically with die TE. Two of these proteins are identified as the cap-
binding proteins eIF4E and eIFiso4E. Interaction of eIF4E/iso4E with the TE correlates with 
cap-independent translation showing that binding is required. 
In Chapter 5, I address the additional viral sequence required for translation in vivo. In 
vitro, the 105 nt TE alone endows cap independent translation when located in the 5'UTR, or in 
the 3'UTR in conjunction with the viral 5'UTR. These constructs did not function in vivo, 
where additional sequence in the 3'UTR is required. Wheat germ extracts allow expression of 
mRNAs without a poly(A) tail, whereas oat protoplasts require both a cap and poly(A) tail for 
efficient expression. BYDV RNA lacks a poly(A) tail, thus the additional viral sequence 
required in vivo may mimic poly(A) tail function. To test this hypothesis, I added a 60nt poly(A) 
tail to translationally active in vitro constructs with both a 5' and 3' TE. In protoplasts, the 
addition of a poly(A) tail to the 105nt 3'TE alone enhanced translation to a level equivalent to 
capped, polyadenylated luciferase RNA. The inactive TE mutant translated equivalendy to lue 
RNA, in concordance with loss of cap function from the TE. These results show that the TE is 
a functional entity itself in vivo as well as in vitro (Guo et al., 2001). They also suggest that the 
3'TE is mimicking the function of a cap in the context of BYDV, in that the TE alone 
stimulates translation precisely as we would expect a cap to function, albeit in the 3'UTR. In 
this chapter, the ar-acting sequences in the BYDV 3'UTR that provide poly(A) tail function are 
analyzed. Unlike the TE, the poly (A) tail mimic (PAM) appears to be a complex element, with 
important sequences between nts 4920 to 5010, between 5010 and 5280, and around nts 5410 
to 5470. These sequences cannot be replaced with a vector-derived sequence, suggesting 
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specificity for the viral sequence. For full activity, several structures in the 3'UTR may act in 
conjunction to enhance translation. 
The goal of the research presented in this dissertation is to help answer the question of 
how BYDV can recruit the plant translation machinery to its uncapped, nonpolyadenylated 
mRNA. I believe we have come a long way in understanding this mechanism, as well as 
learning some basic rules of translation that apply to all efficiendy translated mRNAs. 
Dissertation Organization 
Chapters 2 and 3 contain complete manuscripts previously published. Chapter two 
demonstrates the absence of a cap on BYDV RNA, and Chapter 3 shows the differential 
regulation of BYDV translation by competitor RNAs in trans. At the beginning of each chapter 
are specific notations detailing my contribution. Chapter 4 is a new manuscript to be submitted 
for publication, the author is the sole contributor for data in this publication. Chapter 4 
presents data showing that canonical initiation factors bind to the 3TE. Chapter 5 includes a 
brief introduction and the authors data published in Guo et al. (2000) as well as an additional 
manuscript containing data evaluating viral sequence required in vivo that mimics a poly(A) tail. 
In Chapter 6 are general conclusions derived from manuscripts containing contributions by the 
author. The appendices contain additional important data not yet prepared for publication. 
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CHAPTER 2. BARLEY YELLOW DWARF VIRUS RNA REQUIRES A CAP-INDEPENDENT 
TRANSLATION SEQUENCE BECAUSE IT LACKS A 5' CAP 
A paper published as a Rapid Communication in Virology 253, 139-144 (1999) 
Edwards Allen contributed data for Figure 3, as well as review and revision of the manuscript. 
Edwards Allen, Shanping Wang, and W. Allen Miller 
Abstract 
A 3' translation enhancer (3TE) sequence that facilitates cap-independent translation is 
located near the 3' end of barley yellow dwarf luteovirus RNA. Here, we show that the 3TE is 
required for translation of the viral genome and thus for viral replication. Antisense inhibition 
showed that the 3TE has significant secondary structure and is required for translation of 
virion RNA from infected plants and uncapped genomic transcripts but not for translation of 
capped transcripts. Direct end-labeling of RNAs verified the absence of a 5' modification on 
virion RNA. Thus barley yellow dwarf virus differs from related viruses by having neither a 
genome-linked protein nor a 5' cap. 
Introduction 
Members of the family J-Mteoviridae (formerly the luteovirus group) have a positive sense, 
5.7-kb RNA genome encoding about six open reading frames (ORFs)(Fig. 1A) (1). Members of 
the family Luteoviridae were recendy divided into three genera, Luteovirus, Polerovirus, and 
Enamovirns, based on differences in genome organization, replicase genes, and various biological 
properties (2). Viruses in the genus Polerovirus (formerly known as luteovirus subgroup II), 
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including potato leaf roll virus (PLRV) (3) and cereal yellow dwarf virus-RPV (CYDV-RPV, 
formerly BYDV-RPV) (4), have a protein (VPg) linked to the 5'-terminus of the genome. 
However, the 5' end of the genome of barley yellow dwarf virus (BYDV), in the genus 
Luteovirus (formerly subgroup I luteovirus), lacks a VPg (5). 
The 5' cap structure, m 7 G(5')ppp(5')N, is required for efficient initiation and 
regulation of translation of cellular mRNAs (6). However, we discovered a 3' translation 
enhancer (3TE) sequence that confers efficient translation initiation at the 5'-proximal AUG on 
uncapped mRNA encoding a reporter gene (7, 8). The 3TE is located 5 kb from the 5' end of 
BYDV (PAV serotype) genomic RNA (Fig. 1A). Thus we predicted that BYDV genomic RNA 
naturally lacks a 5' cap. However, it was possible that it contained a normal cap structure, 
considering that red clover necrotic mosaic dianthovirus (RCNMV) RNA, which is the most 
closely related virus to BYDV in its RNA-dependent RNA polymerase gene, is reportedly 
capped (9). Here, we provide both functional and physical evidence that BYDV RNA from 
virions is unmodified at it's 5'-terminus. 
The 3'TE is required for replication of uncapped full-length BYDV genomic RNA 
Previously, we observed the ability of the 3TE to facilitate translation of a reporter gene 
from uncapped transcripts in as and found that a 4-base duplication in the BamHI4H37 site within 
the 3TE completely abolished its activity (8). Here, we found that the 3TE confers cap-
independent translation in its natural context of full-length genomic RNA (infectious transcript 
PAV6). The abundant 39-kDa product of ORF1 and the minor 99-kDa fusion product of 
ORFs 1+2, resulting from ribosomal frame-shifting, are produced from capped and uncapped 
forms of PAV6 (Fig. IB). Transcript PAV6BF, which differs from PAV6 only by the 4-base 
duplication at the BamHI4837 site, translated very poorly in the absence of a 5' cap, whereas 
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efficient translation was restored by capping (Fig. IB). Thus the 3TE is necessary for 
translation of uncapped genomic BYDV RNA. 
The same transcripts used above were inoculated into oat protoplasts. As expected (10), 
uncapped, full-length PAV6 transcript was highly infectious in oat protoplasts (Fig. 1C, lane 2), 
producing abundant genomic and subgenomic RNAs. Interestingly, the presence of a 5' cap 
reduced accumulation of wild-type genomic RNA (Fig. 1C, lane 1). This inhibition was even 
more extreme when virus accumulation was detected by ELISA using antibodies against virions 
(11). The uncapped transcript with the BamHI4837 fill-in mutation (PAV6BF) did not replicate 
(Fig. 1C, lane 4). Capped PAV6BF transcript also was not infectious (Fig. 1C, lane 3), even 
though this RNA translates efficiendy. Most likely, the progeny of the inoculum RNA was not 
capped and thus not translatable, and the small amount of polymerase translated from the 
inoculum was insufficient for production of sufficient progeny RNA to be detectable by 
Northern blot hybridization. Thus we conclude that the 3TE is necessary for translation of the 
replication genes (ORFs 1 and 2) whose products amplify the viral genome. We cannot rule out 
the possibility that the BamHI4837 mutation also fortuitously knocked out a sequence required 
for recognition of the RNA by the replicase. 
Antisense inhibition shows BYDV genomic RNA lacks cap function 
We developed a functional antisense inhibition assay to determine whether "natural" 
BYDV genomic RNA from virions (as opposed to infectious in vitro transcripts) is capped. 
First, we identified conditions in which antisense 3TE RNA would inhibit cap-independent 
translation by annealing to the 3TE on mRNA. Simply adding a transcript complementary to 
the 109-nucleotide (nt) 3TE sequence initially did not inhibit translation of uncapped 3TE-
containing mRNA encoding the b-glucuronidase (GUS) reporter gene (uncapped PGUS109) 
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(Fig. 2A, lanes 1-5). To melt out any potential secondary structure chat could prevent the 
antisense 3TE RNA from annealing, the antisense 3TE RNA and the uncapped PGUS109 
mRNA were heated together at 65°C and cooled slowly before adding them to the in vitro 
translation extract. In this case, translation of uncapped PGUS109 mRNA was inhibited by 
excess antisense 3TE RNA (Fig. 2A, lanes 6-10). Thus the 3TE in the mRNA probably adopts 
a stable secondary structure, which must be melted to allow hybridization by the antisense 
RNA. As a negative control, translation of capped mRNA lacking the cis-3TE sequence was 
not inhibited by the antisense 3TE RNA (Fig. 2B, lanes 6-10). For comparison, the same 
capped mRNA was inhibited by the positive sense 3TE RNA in trans (Fig. 2B, lanes 1-5) as 
observed previously (8). Thus the antisense 3TE inhibits by direct base-pairing to the sense 
3TE. In contrast, the sense-3TE appears to inhibit translation by competing with the capped 
mRNA for a translation factor (8). 
Most importandy, heat-annealed antisense 3TE RNA significandy reduced translation 
of BYDV virion RNA (Fig. 2C, lanes 11-14) and did so by the same amount that it reduced 
translation of uncapped full-length PAV6 transcript (Fig. 2C, lanes 7-10). As a control, annealed 
antisense 3TE RNA had litde effect on the translation of capped, full-length PAV6 transcript 
(Fig. 2C, lanes 3-6). This provides functional evidence that BYDV virion RNA naturally lacks a 
5' cap. 
Structural probing shows absence of a 5' cap at the 5' end of BYDV genomic RNA 
To complement the evidence from the antisense inhibition experiment, we direcdy 
examined the 5' end of virion RNA. Virion RNA and capped and uncapped full- length 
genomic transcripts were treated with the cap-removing enzyme, tobacco acid pyrophosphatase 
(TAP), according to the manufacturer's instructions (Epicentre, Madison, WI) or incubated in 
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Figure 1. Translation and replication of wildtype and mutant full-length BYDV transcripts. (A) 
Genome organization of BYDV full-length infectious transcript RNA PAV6. This RNA is 
derived by T7 polymerase transcription from Smal-linearized pPAV6 (as in Ref. 10). Shaded 
box indicates 3TE. (B) Wheat germ translation products, 35S-met labeled and analyzed by 
polyacrylamide gel electrophoresis as described (7). Lane 1 indicates products of brome mosaic 
virus (BMV) RNA (mobilities in kDa at left); lane 2, no RNA; lanes 3 and 4, products of capped 
(C) and uncapped (U) PAV6 transcript; and lanes 5 and 6, products of capped and uncapped 
PAV6BF transcripts (GAUC duplication in the BamHI4837 site of PAV6). (Right) Mobility of 
products of ORF 1 (39 kDa) and the frameshift product of ORPs 1+2 (99 kDa). (Q Northern 
blot hybridization of viral RNAs 48 h after inoculation of oat protoplasts with capped (lane 1) 
or uncapped (lane 2) PAV6 transcript or with capped (lane 3) or uncapped (lane 4) PAV6BF 
transcript. (Left) Mobilities of genomic (gRNA) and subgenomic (sgRNA) RNAs 1 and 2. Oat 
protoplasts were prepared and total RNA was extracted, separated by electrophoresis on a 1% 
agarose formaldehyde gel, blotted, and probed with a transcript complementary to bases 5318-
5677 as described previously (10). 
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the TAP reaction buffer with TAP enzyme omitted. All samples were digested with calf-
intestinal phosphatase (Promega, Madison, WI) and 5' end-labeled with polynucleotide kinase 
(10 mCi of [Y-i_P]ATP, 3000 Ci/mmol). TAP pretreatment should be required for 5'-labeling of 
capped but not uncapped RNA. To give a 5' end of convenient size for gel analysis, the end-
labeled RNAs were annealed to an oligomer complementary to bases 77-90 
(TGACCGTTGTTGCAGAQ and cleaved with RNase H (12). This yielded two 5'-terminal 
cleavage products, probably due to "breathing" by the annealed oligonucleotide, causing 
multiple cleavages. TAP treatment caused >6-fold increase in labeling of capped transcript but 
had only a minimal effect on labeling of virion RNA or uncapped transcript (Fig. 3A). The 5' 
end of the BYDV genome contains a strong stem-loop structure, beginning with the first base 
(adenosine) (unpublished data). PAV6 transcripts contain an additional 5'-terminal guanosine 
residue to facilitate transcription by T7 RNA polymerase, which is unpaired in the resulting 
structure. Therefore, in vitro transcripts migrate 1 base slower and label more efficiendy than 
virion RNA. 
In a complementary experiment, unlabeled RNAs were RNase H digested first, this time 
using an oligomer complementary to bases 13-37 (GC ACGTAAC AGCTTTT GTG AG AT GG), 
and then 3' end-labeled with RNA ligase (Pharmacia) and [5'-32P]pCp, before TAP treatment. 
The RNase H treatment generated major fragments of 22 (virion RNA) and 23 (PAV6 
transcript) nt, supporting the existence of the S'-terminal secondary structure that is predicted 
to prevent annealing of the oligomer to bases 13-21. No slowly migrating bands were detected 
in the 3' end-labeled RNA (data not shown), consistent with the absence of a VPg (5, 12). The 
most abundant (22-23 nt) bands were gel-purified before TAP treatment. To verify the origin of 
the RNA fragments, they were subsequendy partially digested with RNase T1 under denaturing 
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conditions to give a guanosine residue sequencing ladder. TAP treatment had no effect on the 
mobility of the largest bands (remaining 5' termini uncleaved by Tl) of virion RNA or 
uncapped PAV6 transcript (Fig. 3B, lanes 3 and 6). In contrast, a new band resulted from TAP 
treatment of the capped transcript (indicated by dot at right) as expected for removal of cap 
from the largest (full-length) fragment containing the 5' end. This new band is predicted to have 
a 5' end beginning with pGpA. TAP treatment removed cap from ~50% of the transcripts. 
Note that the transcripts have one extra 5'-terminal G, added during cloning, that is absent in 
virion RNA (5' end is A). Treatment of the three RNAs with TAP without subsequent Tl 
nuclease digestion gave the same results, minus the sequencing ladder (data not shown). These 
data, combined with the antisense inhibition results, clearly show that BYDV genomic RNA 
naturally lacks a 5' cap. 
These results confirm and extend a previous report (5) indicating the absence of a VPg 
on BYDV RNA. Here we also show that BYDV RNA lacks a 5' cap structure. Because we had 
previously identified the cap-independent translation sequence (3TE), it seemed likely that 
BYDV RNA would be uncapped. However, this could not be assumed a priori because some 
capped eukaryotic mRNAs also have cap-independent translation elements (13). 
The absence of a VPg on RNA of the genus Luteovirus is noteworthy because the 
RNAs of members of genus Polerovirus contain a VPg and cap-independent translation would 
be expected of a VPg-containing RNA. The 5' halves of the genomes of genus Polerovirus and 
genus Luteovirus, which include the polymerase and VPg genes (14), are entirely unrelated (I). 
No gene homologous to the VPg gene exists in genus Luteovirus. In other VPg-containing 
RNA viruses, the VPg plays a direct role in initiation of RNA replication (15). Accordingly, 
viruses with polymerases most closely related to those in the genus Polerovirus have VPgs (16). 
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Figure 2. Effect of antisense 3TE 
RNA on cap-independent translation. 
(A) Translation products of transcript 
from Sall-Iinearized pPGUS109 that 
contains the BYDV 5'UTR and the 
109-nt 3TE in its 3' UTR flanking 
the GUS reporter gene (8). PGUS109 
and antisense 3TE RNA transcribed 
(with SP6 polymerase) from EcoRI-
linearized p3TE (8) were mixed 
before translation. Heat-treated 
RNAs were annealed at 65°C for 10 
min and slowly cooled to room 
temperature. (B) Translation of 
capped PGUS transcript, lacking the 
3TE, from EcoICRI-cut pPGUS109 
(8) in the presence of indicated sense 
or antisense 3TE transcript. Sense 
3TE transcript was derived by 
transcription from Smal-cut p3TE 
(8). (C) Translation of full-length viral 
genomic transcript PAV6 or genomic 
RNA from virions after indicated 
treatments in the presence (1) or 
absence (2) of heat treatment with the 
indicated quantities of antisense 3TE 
RNA. (Left) Mobilities of BMV 
marker products (in kDa) and 39 K 
product of BYDV ORF I. 
Translation efficiency is the relative 
amount of 39 K protein produced 
with each untreated RNA defined as 
100%. 
efficiency (%): 100 47 54 41 100 26 24 3 100 71 26 2 
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However, viruses with polymerases most closely related to those in the genus Luteovirus are in 
the genus Dianthovirus (1,2), and their RNAs are capped (9). Thus the presence of a VPg may 
be tied to the replication initiation mechanism, but the presence or absence of a 5' cap may be 
independent of the replication mechanism. 
In Fig. 3A, but in no other results, it appears that a very small fraction of BYDV RNA 
may be capped. However, the virus is clearly dependent on cap-independent translation, and 
replication is actually inhibited by the presence of a 5' cap (Fig. 1C). It is possible that only a 
small fraction of RCNMV RNAs contain a cap and that these are what were detected (by 
different methods than ours) by Xiong et al. (9). This would be appealing because the 3' UTRs 
of RNAs of genus Dianthovirus contain sequences homologous to part of the 3TE (8). 
However, this homologous sequence did not confer cap-independent translation on RCNMV 
RNA in vitro (S. Wang, unpublished data). Furthermore, it is difficult to understand why a virus 
would undergo the complex process of capping of any of its RNA if this process is unnecessary 
for replication. More likely, as stated, genus Luteovirus and genus Dianthovirus have uncapped 
and capped RNAs, respectively, despite their regions of sequence homology. 
Cap-independent translation is an effective viral strategy to compete aggressively with 
host mRNAs for translational machinery. This allows the virus to avoid cellular cap-mediated 
translational control mechanisms that involve shutting down cap-dependent translation. 
Furthermore, it obviates the need to encode a capping enzyme (methyl transferase) or to 
acquire a cap via cellular enzymes. 
Picornaviruses have a long 5' untranslated region harboring an internal ribosome entry 
site (1RES) to facilitate cap-independent translation (17). In contrast, the 3TE of BYDV RNA 
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Figure 3. Direct modification of the 5' 
end of genomic-length (gRNA) BYDV 
transcripts and virion RNA. (A) 
Schematic diagram of RNA treatment 
and gel electrophoresis of RNAs 
incubated in the presence (1) or absence 
(2) of TAP. After TAP treatment, RNAs 
were 5'-end labeled (*), annealed to an 
oligomer (complementary to nt 77-90), 
and Rnase H-digested before separation 
on a 6% polyacrylamide-7 M urea gel. 
Relative labeling of RNAs indicated 
below the lanes was determined by 
Phosphorlmagery and ImageQuant 
analysis. Lower overall labeling of virion 
RNA reflected the smaller amounts used 
in the experiment compared with in 
vitro transcripts. (B) Top portion shows 
a schematic diagram of annealing of the 
oligomer complementary to nt 13-37 
and the inability of the 3' end of the 
oligomer to anneal due to a stem-loop at 
the 5' end of the genome. RNase H 
cleavage products of uncapped PAV6 
transcript, virion RNA, and capped 
PAV6 transcript then were 3' end-
labeled and gel-purified. This gave rise 
to 21- to 22-nt fragments. A portion of 
each sample was treated with TAP 
before partial RNAse Tl-digestion in 
denaturing conditions. Samples were run 
on a 20% polyacrylamide-7 M urea gel 
(bottom). Dot at right indicates new 
band resulting from TAP treatment 
(lane 9). Bands corresponding to Tl cuts 
migrate 1 base faster than the fragments 
with a 3'-terminal G (sequence at right 
of gel) because Tl cuts 3' of the G, 
removing the 3' label. 5'-Proximal Gs 
cut poorly due to secondary structure. 
Unexpected, additional bands in Tl 
digests are likely due to RNase H 
cleavage at other sites in genomic RNA 
to which the oligomer partially annealed. 
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is located in the 3' UTR. A functionally similar element exists in the 3' UTR of satellite tobacco 
necrosis virus (STNV) RNA, although it lacks sequence homology to the 3TE (18-20). Like 
BYDV RNA, the 5' end of STNV RNA is uncapped (21). The mechanism of action of these 3' 
elements is unknown, but it reinforces recent observations supporting a role for 3' UTR 
sequences, such as the poly(A) tail, in initiation of translation (6, 22, 23). Why the 3' stimulatory 
regions of BYDV and STNV RNAs are located in the 3' UTR and how they enhance 
recognition of the 5'-proximal AUG in the absence of a 5' cap remain to be investigated. 
RNA preparation 
Uncapped and capped RNAs were transcribed with T7 polymerase using the 
MegaScript or mMessage mMachine kits, respectively (Ambion, Austin, TX), as described 
previously (10). BYDV (PAV-IL isolate) virions were purified and virion RNA was extracted as 
described previously (10). pPAV6 (10) and p3TE (8) were described previously. pPAV6BF was 
obtained by cutting the BamHI4837 site of pPAV6, filling the sticky ends with Klenow 
polymerase, and religating. 
RNase H cleavage 
Samples in a final volume of 30 ^ll containing 1.12 nM of this oligomer, 1.4 pM of either 
capped or uncapped PAV6 transcript or BYDV virion RNA, 10 mM Tris-HCl pH 8.0, 50 mM 
NaCI, 40 U of RNasin, and 1 mM dithiothreitol were incubated at 70°C for 5 min to denature 
the RNA. After cooling to 37°C, 10 mM MgCl, and 40 U of RNAse H were added, and the 
samples were incubated for 1 h. The reaction was stopped by phenol-chloroform extraction and 
ethanol precipitation. Other RNA processing and labeling reactions are described in text. 
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In vitro translation 
RNAs as specified under Results were translated in wheat germ extract (Promega) as 
described previously (7, 8). When RNA competition experiment was performed, the mRNA 
was mixed with the competitor RNA before addition to translation reaction. When heat 
denaturation was required, the RNAs were heated at 65°C for 10 min and cooled to room 
temperature before addition to translation reaction. Next, 5 (J.1 of translation product was 
separated on 10% SDS-polyacrylamide gel. The relative translation efficiency was determined by 
quantification of the major translation product (39 K) with ImageQuant software (Molecular 
Dynamics, Sunnyvale, CA). 
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CHAPTER 3. A POTENTIAL MECHANISM FOR SELECTIVE CONTROL OF CAP-
INDEPENDENT TRANSLATION BY A VIRAL RNA SEQUENCE IN CIS AND IN TRANS 
A paper published in RNA 5:728-738 (1999) 
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and revision of the manuscript. 
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Abstract 
Highly efficient cap-independent translation initiation at the 5'-proximal AUG is 
facilitated by the 3' translation enhancer sequence (3TE) located near the 3' end of barley 
yellow dwarf virus (BYDV) genomic RNA. The role of the 3TE in regulating viral translation 
was examined. The 3TE is required for translation and thus replication of the genomic RNA 
that lacks a 5' cap (Allen et al., 1999, Virology 253:13'—144). Here we show that the 3TE also 
mediates translation of uncapped viral subgenomic mRNAs (sgRNAl and sgRNA2). A 109-nt 
viral sequence is sufficient for 3TE activity in vitro, but additional viral sequence is necessary 
for cap-independent translation in vivo. The 5' extremity of the sequence required in the 3' 
untranslated region (UTR) for cap-independent translation in vivo coincides with the 5' end of 
sgRNA2. Thus, sgRNA2 has the 3TE in its 5' UTR. Competition studies using physiological 
ratios of viral RNAs showed that, in trans, the 109-nt 3TE alone, or in the context of 869-nt 
sgRNA2, inhibited translation of genomic RNA much more than it inhibited translation of 
sgRNAl. The divergent 5' UTRs of genomic RNA and sgRNAl contribute to this differential 
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susceptibility to inhibition. We propose that sgRNA2 serves as a novel regulatory RNA to carry 
out the switch from early to late gene expression. Thus, this new mechanism for temporal 
control of translation control involves a sequence that stimulates translation in cis and acts in 
trans to selectively inhibit translation of viral mRNA. 
Introduction 
RNA viruses use a variety of strategies to compete aggressively with host mRNAs for 
translational machinery and to regulate gene expression in ways that favor maximum viral 
accumulation. One such strategy is cap-independent translation (Jackson & Kaminski, 1995; 
Sarnow, 1995). This allows the virus to avoid cellular cap-mediated translational control 
mechanisms, some-times shutting down cap-dependent translation, and it obviates the need to 
encode a capping enzyme or acquire a cap via cellular enzymes The 5' cap structure, 
m7G(5')ppp(5')N, is required for efficient initiation and regulation of translation of cellular 
mRNAs (Sonenberg, 1996; Sachs et al., 1997). Via initiation factors, the 5' cap recruits the 40S 
ribosomal subunit that scans in the 3' direction, initiating protein synthesis at the first (and 
occasionally second) AUG codon (Kozak, 1989). 
Many viral RNAs lack a 5' cap. For example, the genomes of picornaviruses (Pelletier & 
Sonenberg, 1988; Jackson & Kaminski, 1995) and pestiviruses (Wang et al., 1993) have a highly 
structured 5' untranslated region (250—600 nt) that acts as an internal ribosome entry site (1RES) 
that facilitates cap-independent translation. IRESs have also been found in other viruses and a 
few exceptional cellular mRNAs (Sarnow, 1995). All these cis-acting, internal initiation signals 
are located in the 5' untranslated region (UTR), so that after the ribosome binds it scans in the 
3' direction until the start codon is reached, in accordance with the scanning model. Although 
cap-independent translation mechanisms have been scrutinized, little is known about how RNA 
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viruses regulate their own cap-independent translation over time. Here we provide evidence that 
suggests a novel mechanism by which the RNAs of BYDV may interact to regulate cap-
independent expression of viral genes over the course of an infection cycle. 
The 3' end of mRNA also participates in translation initiation (Gallic, 1991; Tarun & 
Sachs, 1995; Jacobson, 1996; Sachs et al., 1997). The poly(A) tail interacts synergistically with 
the 5' cap in stimulating translation in vivo (Gallic, 1991; Tarun et al., 1997; Preiss & Hentze, 
1998). In viral RNAs that lack a 3' poly(A) tail, other sequences in the 3' UTR may stimulate 
translation (Leathers et al., 1993). The RNAs of barley yellow dwarf virus (BYDV; Allen et al., 
1999) and satellite tobacco necrosis virus (STNV; Lesnaw & Reichmann, 1970) lack both a 5' 
cap and a poly(A) tail. The RNAs of these viruses each contain a different sequence in the 3' 
UTR that confers efficient cap-independent translation on uncapped mRNA (Danthinne et al., 
1993; Timmer et al., 1993; Wang & Miller, 1995; Wang et al., 1997; Meulewaeter et al., 1998). 
BYDV is in the genus Luteovirus of the family Luteoviridae. Members of the family 
Luteoviridae have a single stranded, positive-sense RNA genome of 5.6 to 5.7 kb encoding 
about six open reading frames (ORFs) (Mayo & Ziegler-Graff, 1996; Miller, 1999). Viruses in 
the genus Polerovirus of the family Luteoviridae have a VPg linked to the 5' terminus of the 
genome (Mayo et al., 1982; Murphy et al., 1989), whereas BYDV RNA has neither a VPg 
(Shams-bakhsh & Symons, 1997) nor a 5'cap (Allen et al., 1999). During its life cycle, BYDV 
produces three subgenomic RNAs (sgRNAs) that are 3' coterminal with genomic RNA (gRNA) 
(Fig. 1) (Kelly et al., 1994; Mohan et al., 1995; Miller et al., 1997). The ORFs (1 and 2) in the 5' 
half of genome are translated from gRNA (Wang & Miller, 1995). ORF 2, which encodes the 
RNA-dependent RNA polymerase, is translated by ribosomal frameshifting from ORF 1 to 
generate a 99-kDa fusion product (Di et al., 1993). ORFs 3, 4, and 5 code for the coat protein, 
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movement protein, and an aphid transmission function, respectively (reviewed by Miller, 1999). 
All three ORFs are translated only from sgRNAl (Fig. 1) (Brown et al., 1996). ORF 4 is 
translated by leaky scanning (Dinesh-Kumar & Miller, 1993), and ORF 5 by in-frame 
readthrough of the ORF 3 stop codon (Brown et al., 1996). Subgenomic RNA2 (sgRNA2) may 
serve as a message for ORF 6 (Kelly et al., 1994) and as a trans-regulator of viral translation 
(this report). 
Previously, we reported that a 3' translation enhancer (3TE) sequence, located 5 kb 
downstream from the 5' terminus of BYDV genomic RNA (Fig. 1) confers efficient translation 
initiation at the 5'-proximal AUG of uncapped RNA (Wang & Miller, 1995; Wang et al., 1997). 
A 109-nt 3TE sequence is sufficient in wheat germ extracts, but a longer portion of the viral 
genome is needed for full cap-independent translation in vivo (Wang et al., 1997). A functional 
3TE is necessary for BYDV RNA replication because it is required for translation of the 
replicase (Allen et al., 1999). Left unanswered has been the role of the 3TE in subgenomic 
RNA translation and in the virus life cycle in general. Here we provide evidence that the 3TE 
can function both to facilitate translation of viral genes in cis, and to specifically inhibit 
translation in trans. Thus, it may act as a novel trans-regulator of viral gene expression. 
Results 
The 5* extremity of the 3' BYDV sequence needed for cap-independent translation in 
vivo coincides with the 5' end of sgRNA2 
Previously, we showed that the 109-nt 3TE (bases 4814—4922) defined in wheat germ 
extract was not sufficient to give full cap-independent translation in vivo. The 3'-terminal 1,162 
nt of the BYDV genome, which encompasses the 109-nt 3TE, gave very efficient cap-
independent translation of a (^-glucuronidase (GUS) reporter gene in oat protoplasts (Wang et 
al., 1997). To more precisely map the sequence(s) needed for full activity in vivo, constructs 
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were made containing smaller portions of the viral genome in the 3' UTR of a reporter gene, 
this time using the firefly luciferase reporter gene (Fig. 2). 
mRNAs containing sequence from the 3' end of the BYDV genome spanning bases 
4154—5677 (LUC1524) or 4809—5677 (LUC869) in the 3' UTR translated efficiendy in the 
presence or absence of a 5' cap. However, uncapped mRNA containing nt 4814—5677 in the 
3'UTR (LUC864) had sharply reduced translation, compared to its capped counterpart and 
uncapped LUC869 (Fig. 2). Base 4809 (5' end of BYDV sequence in LUC869) corresponds 
precisely to the 5'-terminal base of sgRNA2 (Kelly et al., 1994), whereas base 4814 (5' end of 
BYDV sequence in LUC864) corresponds to the 5' end of the wheat germ-defined 3TE. As a 
negative control, a mutant version of LUC869 (LUC869BF) that contains a four-base 
duplication made by filling the BamHl483? site gave extremely low luciferase activity. This 
mutation was shown previously to obliterate cap-independent translation in vitro and in vivo 
(Wang et al., 1997). 
Efficient in vivo translation of capped forms of all constructs with the UTR extending 
to the 3' end of the viral genome (nt 5677, Fig. 2) indicates that the poor expression of 
uncapped LUC864 RNA and LUC869BF RNAs was due to loss of the cap-independent 
translation function and not some other process unrelated to translation initiation. Deletion of 
the 357 nt at the 3' end of the viral sequence by truncation at the Pvul site only slightly reduced 
translation of uncapped mRNA (LUC869/PvuI, Fig. 2). In contrast, deletion of an additional 
310 nt (PstI truncation) reduced translation of both capped and uncapped mRNAs by an 
additional sevenfold (LUC869/PstI, Fig. 2). Thus, a sequence between nt 5010 and 5320 is 
required in the 3'UTR for translation and/or mRNA stability, but it is not specific for cap-
independent translation. 
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The 3TE is required for efficient translation of uncapped subgenomic RNAs 
Why is the 3TE located at the 3' end of the viral genome, instead of the more 
"conventional" 5' end? One possibility is that this allows one genomic copy of the 3TE 
sequence to facilitate cap-independent translation of genomic and subgenomic RNAs without 
needless duplication at the 5' UTR of each RNA. The 3TE is located in the 3' UTR of sgRNAl 
and in the 5' UTR of sgRNA2 (Fig. I), so it may facilitate cap-independent translation of both 
RNAs. To investigate this, full-length sgRNAl (bases 2670—5677; Kelly et al., 1994) was 
translated. When intact 3TE was present, translation of uncapped sgRNAl transcripts was 
almost as efficient as translation of their capped counterparts (Fig. 3A, lanes 5—8). Transcripts 
lacking the 3TE or containing the BamHI4837 fill-in mutation gave about 30-fold less 
translation product than the 3TE-containing transcripts (Fig. 3A, lanes 3—4, 9—10), and 14 to 
18- fold less than the capped form of the same mRNA. Thus, the 3TE functions similarly on 
both the genomic RNA and sgRNAl. 
Previously, we showed that replacement of the genomic RNA 5' UTR with either of 
two different non-BYDV sequences knocked out cap-independent translation (Wang & Miller, 
1995; Wang et al., 1997), yet the 5' UTR of sgRNAl shows litde sequence similarity to that of 
genomic RNA. Thus, we investigated the role of the 5' UTR of sgRNAl in 3TE-mediated cap-
independent translation. Deletion of 99 bases from the 5' end of the 188-nt 5' UTR of sgRNAl 
decreased the translation of uncapped mRNA by fivefold, even in the presence of wild-type 
3TE (Fig. 3A, lanes 11—12). Capping of this 5' truncated version of subgenomic RNA restored 
most of its translation efficiency. Therefore, sequence(s) within the 5'-terminal 99 bases of the 
sgRNAl 5' UTR is necessary for full function of the 3TE. 
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The 3TE conferred cap-independent translation on sgRNA2 in which it is located in 
the 5' UTR. Translation of ORF 6 from sgRNA2 was determined by comparing the translation 
efficiency of wild-type sgRNA2 with that containing the defective 3TE (with the four-base 
duplication in the BamHl4837 site). The 6.7-kDa product of ORF 6 was synthesized from 
uncapped sgRNA2 in wheat germ extract (Fig. 3B). Most importandy, the four-base duplication 
in the BamHI site abolished translation of uncapped sgRNA2, consistent with our previous 
observation of reporter gene translation (Wang et al., 1997). Thus, the 3TE, in the 5' UTR of 
sgRNA2, facilitates cap-independent translation of ORF 6. As proposed above, the single copy 
of the 3TE that is stored in genomic RNA functions on genomic RNA and both sgRNAs 1 
and 2. 
3TE RNA trans-inhibits translation of genomic RNA much more than sgRNAl 
Previously, we found that the 109-nt 3TE, in trans, inhibited translation of a reporter 
gene carrying the 3TE in cis (Wang et al., 1997). Therefore, we tested the ability of the 109-nt 
3TE RNA to inhibit translation of genomic and sgRNAl in trans. A 100-fold molar excess of 
the 3TE RNA inhibited translation of gRNA by 50%, whereas four times as much 3TE RNA 
was required to inhibit translation of sgRNAl by 50% (Fig. 4A). The defective 3TE RNA 
containing the filled-in BamHLss? site (3TEBF RNA) was far less inhibitory of either mRNA 
(Fig. 4A). A 300-fold excess of 3TE RNA reduced translation of the 3'-kDa product of ORF 1 
from gRNA by sixfold (Fig. 4B, lanes 2—3), whereas translation of coat protein from sgRNAl 
was only halved (Fig. 4B, lanes 5—6). Most strikingly, when equal amounts of genomic and 
sgRNAl were present in the same reaction, presence of excess 3TE RNA dropped gRNA 
translation by 11-fold, whereas translation of sgRNAl was reduced by only 20% (Fig. 4B, lanes 
8—9). In all cases, the defective 3TE had litde effect on the translation from genomic RNA or 
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FIGURE 2. Deletion mapping of the BYDV 3' UTR sequences involved in cap-independent 
translation in vivo. Uncapped transcripts encoding luciferase (LUC) flanked by the BYDV 5' 
UTR and indicated portions of the 3' end of the BYDV genome were electroporated into oat 
protoplasts. Luciferase activity from uncapped transcripts (black bars) and capped transcripts 
(stippled bars) for each construct is indicated. All RNAs were from Smal-linearized plasmids (nt 
5677), except LUC869/PstI and LUC869/PvuI, which were from pLUC869 linearized with the 
indicated restriction enzymes. Asterisk indicates location of BamHLss? fill-in mutation in 
LUC869BF. Assays were performed in triplicate with standard error bars shown. Numbers on 
map of 3' UTR are the positions in the BYDV genome. 
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sgRNAl in trans. (The apparent inhibition of gRNA by 3TEBF RNA in Fig. 4A and apparent 
stimulation in Fig. 4B, lane 4, reflects experimental variation (±32%). Inhibition greater than 
twofold is considered significant.) Thus, the trans-inhibition requires a functional 3TE 
sequence and it specifically inhibits gRNA much more than sgRNAl. 
sgRNA2 accumulates to a 20—40-fold molar excess over genomic RNA in infected cells (Kelly 
et al., 1994; Mohan et al., 1995; Koev et al., 1998). The ratio of sgRNA2 to translatable gRNA is 
even greater than that seen on Northern blots, because much of the genomic RNA is 
encapsidated (Mohan et al., 1995) and thus sequestered from translation. Because the 3TE 
comprises the complete 5' UTR of sgRNA2, it is possible that sgRNA2 inhibits translation of 
genomic and sgRNAl in trans. Because of the preferential inhibition of gRNA versus sgRNAl, 
we propose that as sgRNA2 accumulates, translation of gRNA is reduced, favoring translation 
of sgRNAl late in infection. To test this hypothesis, the effect of sgRNA2 on translation of 
gRNA and sgRNAl was evaluated as in the previous experiment. As predicted, sgRNA2 
inhibited translation of the genomic RNA more effectively than it inhibited translation of 
sgRNAl (Fig. 5A). As with the inhibition by the 3TE alone, the BamHl4837 fill-in mutation in 
sgRNA2 drastically reduced its ability to inhibit translation of gRNA in trans (Fig. 5A). sgRNA2 
was more than ten times as effective as the 109-nt 3TE in inhibiting translation in trans 
(compare Fig. 4A with Fig. 5A). Less than nine-fold excess sgRNA2 inhibited genomic RNA 
translation by 50%, but about 30-fold excess was required for similar inhibition of sgRNAl 
translation (Fig. 5A). 
To mimic the scenario in the virus-infected cell gRNA, sgRNAl and sgRNA2 were 
mixed in various combinations and translated in wheat germ extract. Wild-type sgRNA2 
reduced translation of genomic RNA by 100-fold, whereas translation of sgRNAl was reduced 
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FIGURE 3. Cap-independent 
translation of capped (C) and 
uncapped (U) subgenomic RNAs. A: 
Wheat germ translation products of 
sgRNAl (map at top), which was 
transcribed from pSGl linearized with 
Seal (lanes 3, 4), PstI (lanes 5, 6) or 
Smal (lanes 7, 8). Proteins were 
analyzed by 10% polyacrylamide gel 
electrophoresis. Lanes 9 and 10 are the 
products of Smal-cut pSGlBF 
transcript that contains the GAUC 
duplication in the BamHLss? site of 
the 3TE. Lanes 11 and 12 show 
translation products of Smal-cut 
pSP17 transcript in which the 5'-
terminal 99 nt of the 188-nt 5' UTR of 
sgRNAl were deleted. Mobilities of 
products of ORFs 3 (22 kDa), 4 (17 
kDa) and 315 (72 kDa, made by the in-
frame read-through of the ORF 3 stop 
codon) are indicated at right. Other 
bands indicate cleavage products of 
the labile 72-kDa protein (Filichkin et 
al., 1994) and premature termination 
products within ORF 5 (Brown et al., 
1996). Relative moles of translation 
product (of ORF 3) determined with a 
Phosphorimager using ImageQuant 
software are indicated below each lane. 
Samples in lanes 9—10 and 11—12 were 
from different experiments, and the 
products of the 100% standard (capped Smal-cut pSGl transcript) for these are not shown. B: 
Products of transcripts from Smal-cut pSG2 (lanes 2, 3) and pSG2BF (lanes 4, 5), following 
electrophoresis on a 10% polyacrylamide gel. Mobilities of the two smallest BMV RNA 
translation products (35 and 20 kDa) and the mobility of the ORF 6 product (6.7 kDa) are at 
left. 
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by three- to fourfold (Fig. 5B). sgRNA2 containing the BamHI fill-in defect had litde effect 
(Fig. 5B, lanes 4, 7, and 10). Thus, the mechanism by which sgRNA2 inhibits translation is 
3TE-mediated. Most interestingly, it is quite feasible that sgRNA2, at physiological ratios, 
specifically inhibits translation of gRNA in preference to sgRNAl in the infected cell. 
Roles of specific RNA sequences in differential trans-inhibition 
The differential trans-inhibition of translation could be due to the longer distance and 
intervening ORFs between the cis-acting 3TE and the ORF1 start codon on gRNA compared 
to the shorter distance between the 3TE and the start codons of ORFs 3 and 4 on sgRNAl. 
Another possibility is that the different 5' UTR sequences on gRNA and sgRNAl could have 
different efficiencies of interaction with the 3TE. Thirdly, both of the above possibilities could 
contribute to the differential inhibition by sgRNA2. To test the role of the 5' UTR, the genomic 
5' UTR was replaced with the 5' UTR of sgRNAl. This modified gRNA translated with 
efficiency similar to wild-type gRNA, but it was inhibited less by sgRNA2 in trans than was 
wild-type gRNA (Fig. 6A). Thus, the differential susceptibility to trans-inhibition by sgRNA2 is 
at least partially due to the sequences of the 5' UTRs. The closer proximity of the 3TE to the 
start codon may also allow more efficient cap-independent translation, as we observed a 
stronger stimulatory effect in reporter constructs in which the 3TE was immediately 3' of the 
stop codon compared to gRNA (Wang & Miller, 1995). Thus, we conclude that both the nature 
of the 5' UTR sequence and the proximity of the 3TE to the start codon contribute to the 
preferential trans-inhibition of translation of gRNA versus sgRNAl by sgRNA2. 
Another question is why full-length sgRNA2 inhibits so much more effectively than the 109-nt 
3TE RNA. Either the product of ORF 6 or simply the act of translation, in which sgRNA2 
competes with gRNA and sgRNAl for the translational apparatus, may account for the greater 
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FIGURE 4. Differential effects of 109-nt wild-type and mutant 3TE RNAs in trans on 
translation of gRNA and sgRNAl. A: Indicated amounts of 109-nt 3TE transcript from Smal-
cut p3TE or 113-nt transcript from p3TEBF (Wang et al., 1997) were mixed with 0.1 pmol 
PAV6 or SGI transcripts and translated in wheat germ extract. Following electrophoresis, 
products were quantitated by phosphorimagery to determine relative translation. B: Translation 
of 0.1 pmol gRNA (lanes 2—4, 8—10), and/or 0.1 pmol sgRNAl (lanes 5—10) in the presence of 
no 3TE transcript (lanes 2, 5, 8), 30 pmol 3TE RNA (lanes 3, 6, 9), or 30 pmol 3TEBF RNA 
(lanes 4, 7, 10). 
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FIGURE 5. Differential effects of wild-type and mutant sgRNA2 in trans on translation of 
gRNA and sgRNAl. A: Translation of gRNA and sgRNAl as in Figure 4A but in the presence 
of increasing molar ratios of transcripts from Smal-cut pSG2 or pSG2BF. Note the lower 
molar ratios of sgRNA2 used here compared to 3TE RNAs in Figure 4A. B: Translation of 0.1 
pmol gRNA (lanes 2—4, 8—10) and/or 0.1 pmol sgRNAl (lanes 5—10) in the presence of no 
sgRNA2 transcript (lanes 2, 5, 8), 7 pmol sgRNA2 RNA (lanes 3, 6, 9), or 7 pmol sgRNA2BF 
RNA (lanes 4, 7,10). 
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inhibition by sgRNA2. To test these possibilities, we measured the inhibition of gRNA 
translation by capped sgRNA2BF. This RNA is an efficient message (Fig. 3B, lane 4) but it 
inhibited gRNA translation only moderately (Fig. 6B, capped sg2BF). This inhibition was the 
same as, or only slightly more than, the inhibition by uncapped sgRNA2BF (Fig. 6B, sg2BF). 
We then examined the inhibitory activity of a mutant sgRNA2 lacking a start codon but 
containing a wild-type 3TE. No other AUGs exist in any frame in the ORF 6 sequence, so no 
ORF 6 product could be made. This RNA inhibited translation of genomic RNA at least as 
effectively as wild-type sgRNA2, if not more so (Fig. 6B, lanes sg2 and sg2MS). We conclude 
that neither translation of sgRNA2 per se nor the ORF 6 product inhibit translation of gRNA. 
Instead, a wild-type 3TE sequence, combined with the additional sgRNA2 sequence, is the 
component that confers shutoff of genomic RNA translation. Thus, the inhibition is 
independent of the translatability of sgRNA2, and independent of the presence of a 5' cap on 
sgRNA2. 
Discussion 
The sgRNA2 sequence is sufficient, in cis, for cap-independent translation in vivo and 
inhibits efficiendy in trans 
We confirmed and refined the previous observation (Wang et al., 1997) that more sequence 
from the 3' end of the BYDV genome is necessary for cap-independent translation in vivo than 
in vitro. The fact that the 3TE functions efficiently in the 3' UTRs of both luciferase (Fig. 2) 
and GUS (Wang et al., 1997) reporter genes verifies that the cap-independent translation activity 
is independent of the coding region. This is significant because, in some cases, different 
reporter genes can give different results (Gallic et al., 1991). 
The role of the additional sequence needed in vivo but not in vitro is unknown. One 
possibility is that the additional viral sequence mimics a poly(A) tail. BYDV RNA is not 
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polyadenylated. Wheat germ translation extracts are virtually poly(A) tail-independent, whereas 
the poly(A) tail plays a crucial role in translation initiation in vivo (Gallic, 1991; Hentze, 1997; 
Sachs et al., 1997; Preiss & Hentze, 1998). A pseudoknot-rich domain has been identified in the 
3'UTR of TMV that functionally substitutes for a poly(A) tail (Gallic & Walbot, 1990). Together 
with a 5' cap, it synergistically stimulates translation of mRNAs (Gallic, 1991). Such a function 
(with a different structure) may exist between bases 5010 and 5320 in the 3' UTR of BYDV, 
because deletion of this region substantially and equally reduced translation of capped and 
uncapped mRNAs in protoplasts (Fig. 2). However, additional cap-independent translation 
functions must exist outside of the 109-nt 3TE region, because in vivo translation of a 
construct containing only the 109-nt 3TE plus a 30-nt poly(A) tail in its 3'UTR was stimulated 
10-fold by addition of a 5' cap (Wang et al., 1997). The additional sequence may be limited to 
the five bases at positions 4809-4513, or sequence between nt 4922 and 5010 may also 
contribute to cap-independent translation in vivo (Fig. 2). A different structure in the 3' UTR of 
alfalfa mosaic virus RNA 4 enhances the ability of mRNAs to compete in cap-dependent 
translation (Hann et al., 1997). The competitive environment in a cell is quite different from 
that in wheat germ extract and may explain the need for additional BYDV 3'UTR sequence for 
cap-independent translation. 
The more efficient trans-inhibition of translation by full-length sgRNA2 than the 109-nt 
3TE is not due to the active translation of sgRNA2, because mutation of the ORF 6 start 
codon had no effect on trans-inhibition (Fig. 6B). Furthermore, translatable (capped) sgRNA2 
with a defective 3TE (Fig. 3B) did not inhibit in trans (Fig. 6B). Thus, like the 109-nt 3TE 
alone, sgRNA2 inhibits via the 3TE-mediated mechanism. We speculate the sgRNA2 inhibits 
more efficiently because it may have a higher binding affinity for protein factors that mediate 
58 
mRNA: gRNA 
fold excess 
of sgRNA2: 
99 K-
39K-
gRNA with 5'UTR 
from sgRNAl 
0 —35—20-, 0 3? 75-
6.7K-
translation 
efficiency (%): 100 8 2 112 20 11 
B 
mRNA (all lanes): gRNA 
capped 
competitor sg2 sg2BF sg2BF sg2MS 
fold excess: q 35^5-, 35__J9^ _3JL_Z9] ^35^1^ 
99K-
39K
"*
— 
-
translation 
efficiency (%):100 20 8 53 55 61 29 4 4 
(sg2BF), and uncapped sgRNA2 with the mutant (AUG 
Product of sgRNA2 ran off the bottom of the gel. 
FIGURE 6. Inhibition of genomic 
RNA translation by sgRNA2. A: 
Effects of sgRNA2 on translation of 
wild-type genomic RNA with its 
natural 5' UTR or genomic RNA 
containing the 5' UTR from sgRNAl 
in place of its 5' UTR. Maps of 
transcripts are indicated above lanes. 
Open box: 5' UTR of genomic RNA; 
stippled box: 5' UTR of sgRNAl; 
black box: 3 TE. Wheat germ 
translation products were analyzed by 
10% polyacrylamide gel 
electrophoresis. Left lane: no RNA. 
Other lanes have 0.1 pmol of the 
indicated form of gRNA with the 
indicated molar excess of sgRNA2 
(from Smal-cut pSG2). The 5' UTR 
of gRNA (bases 1—148) was replaced 
with that from sgRNAl (bases 2670— 
2860) in transcript from pSGlPAV6 
(right three lanes). Mobilities of 
products of ORF 6 (6.7K), ORF 1 
(39K) and ORFs 112 (99K) are at 
left. B: Wheat germ translation 
products of 0.1 pmol uncapped 
PAV6 RNA in the presence of 
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cap-independent translation. This could also explain the need for the sgRNA2 sequence in cis 
for cap-independent translation in vivo. 
sgRNA2 may facilitate a switch from early to late gene expression 
Gene expression of many viruses is divided into temporal stages with nonstructural 
replication proteins expressed early and structural proteins expressed late. Synthesis of BYDV 
subgenomic RNAs requires replication, so the structural genes they encode are not translated 
until after RNA replication has commenced. Thus, RNA-templated transcription (subgenomic 
RNA synthesis) alone can account for turning on late gene expression. However, the data 
presented here suggest an additional level of control mediated by viral RNA in trans that may 
act to shut off expression of early genes. 
We propose a model of trans-regulation of translation by the 3TE in which 
accumulation of sgRNA2 at high levels preferentially inhibits translation of genomic RNA over 
sgRNAl. Early in infection, genomic RNA from the invading virion is the only message (Early, 
Fig. 7). This allows cap-independent translation of ORFs 1 and 1+2 (replicase) facilitated by the 
3TE in cis. The replicase then replicates gRNA and transcribes sgRNAs. As large amounts of 
sgRNA2 accumulate (Late, Fig. 7), it strongly inhibits translation of gRNA, shutting off 
translation of replication genes (ORFs 1 and 2), while only weakly inhibiting translation of 
sgRNAl, permitting translation of structural and movement protein genes (ORFs 3, 4, and 5). 
This model is supported by the following observations. (I) The 3TE is required in cis 
for translation (Allen et al., 1999) of the only two genes (ORFs 1 and 2) required for RNA 
replication (Mohan et al., 1995). (2) Thus, intact 3TE is required for replication in vivo (Allen et 
al., 1999). (3) Only ORFs 1 and 2 are translated from gRNA (Di et al., 1993; Mohan et al., 1995; 
Allen et al., 1999). (4) The 5* end of the in vivo-defined 3TE sequence that gives cap-
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independent translation in cis coincides precisely with the 5' end of sgRNA2 (Fig. 2). (5) 
sgRNA2 inhibits translation of gRNA in trans far more efficiendy than it inhibits translation of 
sgRNAl (Fig. 5A). (6) When gRNA and sgRNAl are competing with each other in the 
presence of sgRNA2 at ratios similar to those in infected cells, only the products of sgRNAl 
are translated significantly, and gRNA is virtually shut off (Fig. 5B). sgRNA2 accumulates to at 
least 20- to 40-fold molar excess to gRNA (Kelly et al., 1994; Mohan et al., 1995; Koev et al., 
1998) and probably to a higher ratio when compared to translatable (non-encapsidated) gRNA. 
The proposed mechanism in Figure 7 can be compared to other known viral 
translational control mechanisms. Subgenomic mRNA synthesis from genomic RNA1 of red 
clover necrotic mosaic virus is controlled by direct base-pairing of genomic RNA2 to RNA1 
(Sit et al., 1998), but this is an example of (RNA-templated) transcription rather than 
translation. RNA phages Q(3 and MS2 use long-distance base pairing in cis to negatively 
regulate translation of the A protein and replicase. The replicase and coat proteins act in trans 
to shut off translation of each other's genes. This facilitates switches from translation to 
replication and from replication to encapsidation (Weber et al., 1972; vanDuin, 1988). In 
adenovirus-infected cells, late (structural) gene expression coincides with dephosphorylation of 
eIF4E that inhibits cellular cap-dependent translation, and favors translation of viral mRNAs 
that have reduced cap-dependence (Schneider, 1995; Kleijn et al., 1996; Gingras & Sonenberg, 
1997; Sonenberg & Gingras, 1998). All of these mechanisms and known mechanisms of 
translational control of host genes involve regulation by protein binding, modulation of 
translation factors, or antisense RNA. In contrast, sgRNA2 is a sense RNA that, we propose, 
differentially controls translation. It is quite possible that the sgRNA2 inhibits by competing for 
a protein such as a translation factor needed for 3TE-mediated translation (Wang et al., 1997). 
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Regardless of the specific components involved, this appears to be a novel type of gene 
expression control in which a truncated form of an mRNA converts a cis-stimulatory sequence 
into a trans inhibitor, as a natural means of differential translational control. 
The 5'UTRs of gRNA and sgRNAl appear to be at least in part responsible for the 
differential inhibition by sgRNA2 (Fig. 6A). This is likely due to differences in their ability to 
communicate with the 3TE, and not due to an inherent difference in ability to recruit 
ribosomes or initiation factors directly, because the natural 5'UTR is dispensable when the 3TE 
is located in the 5'UTR (Fig. 3B and Wang et al., 1997). Thus, the sgRNAl 5'UTR would be 
predicted to have a higher affinity for the 3TB, probably mediated by protein factors, than 
would the 5'UTR of gRNA. 
Advantages of cap-independent translation 
In addition to facilitating the proposed regulatory model, cap-independent translation 
has other innate advantages. The initiation factor involved in cap recognition, eIF4E, is 
considered to be the rate-limiting factor for translation initiation (Sonenberg, 1996). Thus, viral 
RNAs that have a reduced requirement or no requirement for eIF4E could be translated more 
efficiently. This is the case for cap-independently translated viruses such as picornaviruses 
(Pes to va et al., 1996) and pestiviruses (Pestova et al., 1998), and the late viral genes of ad­
enovirus (Schneider, 1995). This gives the viral mRNAs a competitive advantage, especially 
under stressed conditions in which translation of capped cellular mRNAs is often shut down by 
modulation of eIF4E (Sonenberg, 1996), or by the virus itself (Pestova et al., 1996). Like the 
above viruses, translation initiation mediated by the 3TE has reduced dependence on eIF4F 
(which consists of eIF4E bound to eIF4G; Browning, 1996) (Wang et al., 1997), so BYDV 
RNA should have a competitive advantage as well. A cap-independent translation sequence in 
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the 3' UTR of STNV RNA also lowers the requirement for eIF4F (Timmer et al., 1993). The 5* 
UTRs of tobacco mosaic virus (Sleat et al., 1987) and potato virus X (Zelenina et al., 1992), and 
the 3' UTR of alfalfa mosaic virus (Hann et al., 1997) also give competitive translational 
advantages to their mRNAs, but in a cap-dependent (and thus eIF4F-dependent) fashion. 
Another obvious advantage of cap-independent translation is the lack of a requirement 
for a methyltransferase encoded by the virus. The host methyltransferase activity required for 
N7-methylation of the guanosine in the cap is located in the nucleus. Many cytoplasmic RNA 
viruses such as tricornaviridae and alphaviruses code for their own methyltransferase enzymes 
to cap their RNA (Koonin & Dolja, 1993). BYDV does not appear to code for such an enzyme 
(Koonin & Dolja, 1993), which allows for a simpler, smaller genome, giving it a replicative 
advantage. This role of a sense RNA as a regulatory switch (Fig. 7) would be a new example of 
the apparently infinite variety of means by which viruses regulate gene expression. Obviously, 
we must now test this mechanism in a natural infection, and identify the protein components 
involved in the 3TE mechanism. Initial in vivo evidence supports the model: a point mutation 
that blocked accumulation of sgRNA2 reduced, but did not eliminate, virus replication in 
protoplasts (Mohan et al., 1995). We must also examine the possibility that sgRNA2 may cause 
disease by trans-inhibiting host translation. The specific and differential effects on translation 
shown here reveal the importance of considering RNAs as potential specific trans-regulators of 
translation. This principle could potentially apply to control of other viral and possibly host 
genes. 
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translated from gRNA (the only viral RNA at 
this stage) via the 3TE (red box) in cis. As 
abundant sgRNA2 accumulates (Late), it 
specifically inhibits gRNA (bold red X) in 
preference to sgRNAl (dashed red X), via 
the 3 TE in trans. This allows almost 
exclusive translation of late genes from 
sgRNAl. The different 5' UTRs of gRNA 
(gold box) and sgRNAl (green box) 
contribute to the differential inhibition. The 
role of ORF 6 encoded by sgRNA2 is 
unknown (?), but it is not necessary for trans-
inhibition. See text for detailed discussion of 
the model. 
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Materials and Methods 
Plasmid construction 
All constructs were verified by automated sequencing at the ISU Nucleic Acids Facility 
on an ABI 377 sequencer. Construction of plasmids pTE and pTEBF was described by Wang 
et al. (1997), pPAV6 by Di et al.(1993), and pSP17 by Dinesh-Kumar et al. (1992). pPAV6BF 
was constructed in three steps. First, a Kpnl— Smal fragment from pPAV6 was cloned into 
Kpnl— Smal digested pGEM3Zf(l) (Promega, Madison, WI), giving rise to p3ZKS. p3ZKS was 
cut with BamHI and filled in with Klenow fragment and religated, giving rise to p3ZKSBF. 
Finally the Kpnl— Smal fragment from p3ZKSBF was cloned back into pPAV6 digested with 
the same restriction enzymes. Plasmid pSGl, for transcription of sgRNAl, was constructed by 
PCR amplification of pPAV6 using the primer, subgenl-up: ATAAGCGGCCGC 
GTAAT ACGACTC ACT AT AGTG AAGGTGACGACTCC ACATC, which corresponds to the 
5' end of sgRNAl (bases 2670—2691), and the downstream primer, SK020601: 
GGGCCCGGGTTGCCGAACTGCTCTTTCG, which anneals to the 3' end of genomic RNA 
(nt 5677—5656) (restriction sites are underlined, and the T7 promoter is italicized). The PCR 
product was digested with NotI and Smal and cloned into NotI—Smal digested pSL1180 
(Pharmacia). The same strategy was used to construct the mutant sgRNAl plasmid, pSGlBF, 
using pPAV6BF as the PCR template. 
Plasmid pSG2 for T7 transcription of sgRNA2 was constructed by amplifying pPAV6 
with primer, subgen2-up: T ATTGCGGCCGCGT AAT ACG ACT C ACT AT AGAGTGAAGA-
CAACACTAGCAC, which corresponds to BYDV genome bases 4809—4831, and the 
downstream primer, SK020601. (An extra guanosine nucleotide was placed 5' of the start of 
sub genomic RNA2 to facilitate in vitro transcription.) The PCR product was digested with 
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NotI and Smal and cloned into pSL1180 cut with the same restriction enzymes, giving rise to 
pSG2. The same cloning strategy was used to obtain pSG2BF and pSG2MS, except the 
templates for PCR were pPAV6BF and pPAV30 (Mohan et al., 1995), respectively. pSG2MS 
differs from pSG2 by a single G-to-C substitution that changes the ORF 6 start codon to AUC. 
To replace the genomic 5' UTR with that of sgRNAl (plasmid pSGlPAV6), the 
subgenomic RNA1 5' UTR was PCR amplified from pPAV6 using the primer 5'UTRswap 
(GCGTTCGAAGAACATTCACCACCTCTCTAGTGG), which contains a Csp45I site 
(underlined) followed by sequence complementary to bases 2860—2840) and the primer subgen-
up. Both the PCR product and pPAV6 were digested with NotI and Csp45I. Csp45I cuts just 
downstream of the ORF 1 start codon in pPAV6. These DNAs were gel-purified and ligated 
together, resulting in plasmid pSGlPAV6. 
pLUC plasmids 
pPAV6 was modified at three bases to introduce a unique BssHII site just 5' of the 
ORF 1 start codon. A pair of PCR primers (5' primer contains a BssHII site, and 3' primer 
contains an Acc65I site) was used to amplify the firefly luciferase (LUC) coding region from 
pGEM-Iuc (Promega). After digestion with BssHII and Acc65I, this fragment was cloned into 
BssHII— Acc65I—cut pPAV6, replacing bases 138-^4153 (ORFs 1—4 and part of 5) of the BYDV 
genome with the LUC gene. This resulted in plasmid pLUC1524, which has the 5' UTR of 
BYDV, LUC gene, and the 3'-terminal 1,524 nt of BYDV sequence. (This series of plasmids is 
named for the LUC gene followed by the number of bases from the 3' end of the BYDV 
genome that are in its 3' UTR.) The set of constructs containing nested 5' terminal deletions of 
the series of the 3'-terminal sequence was made from this construct. Specifically, the deletion 
series was amplified by PCR (5* primers contained an Acc65I site followed by 17 bases of PAV 
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sequence at the desired deletion site, 3' primer was SK020601). The series of PCR products was 
cut with Acc65I and Smal and cloned into pLUC1524 cut with the same enzymes. 
RNA preparation 
The uncapped and capped RNAs were synthesized by transcription with T7 polymerase 
using the MegaScript or mMessage mMachine kits (Ambion, Austin, TX) as described 
previously. All transcripts are named for their parent plasmid minus the lower case p prefix. The 
RNA concentration was determined with a spectrophotometer. Integrity was verified by 1% 
agarose gel electrophoresis. 
In vitro translation 
Nonsaturating amounts of RNAs were translated in wheat germ extract (Promega) 
according to manufacturer's instructions in a total volume of 25 |-lL (Wang & Miller, 1995). In 
RNA competition experiments, the mRNAwas mixed with the competitor RNA prior to adding 
into the translation reaction. Five microliters of translation product were separated on 10% 
SDS-PAGE gel (Wang & Miller, 1995). The relative translation efficiency was determined by 
quantification of the major translation products (39K or 22K) with the ImageQuant TM 
program. 
Luciferase assays 
Three picomoles transcript were electroporated into 106 oat protoplasts as for 
transaction as in Wang et al. (1997). After 20 h, protoplasts were collected and lysed in 100 fJ.L 
PassiveLysis Buffer (Promega) by shaking 15 min at room temperature. Fifty microliters 
luciferase substrate Luciferase Assay Reagent II (Promega) were mixed with 10 JJ.L protoplast 
lysate supernatant and measured on a Turner Designs TD-20/20 luminometer. Protein 
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concentration of each sample was measured by the Bradford method (Bio Rad) to normalize 
luciferase activity for each sample. 
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CHAPTER 4. THE BARLEY YELLOW DWARF VIRUS CAP-INDEPENDENT TRANSLATION 
ELEMENT REQUIRES AN INTERACTION WITH eIF4E/iso4E 
A paper to be submitted to Molecular Plant Microbe Interactions 
Edwards Allen and W. Allen Miller 
Interdepartmental Generics, 351 Bessey Hall, Iowa State University, 
Ames, IA 50011-1020, USA 
Abstract 
Efficient cap-independent translation of barley yellow dwarf virus is conferred by a 105 
nucleotide 3' translation element (3' TE) located in the 3* UTR of the viral genome. The 3' TE 
facilitates initiation at the 5'-proximal AUG, even when separated by several kb and ORFs. To 
function in the 3' UTR, the 3' TE must (i) recruit ribosomes and associated translation factors, 
and (ii) communicate with the 5' end of the mRNA where translation initiates. The 3' TE itself 
facilitates efficient cap-independent translation when located alone in the 5' UTR, or in the 3' 
UTR in conjunction with the viral 5' UTR. The communication function is mediated by direct 
base pairing between the 3' TE and the 5' UTR (Guo et al., 2001). We propose that protein 
factors interact with the 3' TE to facilitate initiation and ribosome recruitment. To identify 
these factors, the functional 3' TE was used as bait to purify TE-interacting proteins from 
wheat germ extracts. Several proteins were enriched in the column-bound fractions that were 
not bound by TE mutants. Two proteins that bind the TE were identified as eIFiso4E and 
eIFiso4G. Using purified initiation factors, both eIF4E and eIFiso4E bound direcdy and 
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specifically to the TE, with a Kd~2*10"7M. Non-functional TE mutants did not interact with 
eIF4E/iso4E. The binding of initiation factor 4E follows the genetic evidence that the 3' TE 
can functionally substitute for a cap both in vitro and in vivo. Because the TE is located in the 3' 
UTR of BYDV, we speculate that formation of the initiation complex may not be required at 
the 5' end, but may be delivered there by additional mechanisms. Unlike eIF4E-independent 
IRES-driven translation, the BYDV TE requires an interaction with eIF4E for function. 
Introduction 
The circularization model of eukaryotic translation states that for efficient translation 
the ends of an mRNA must be brought into close proximity (Sachs et al., 1997; Gallic 1991; 
Gallic 1998; Tarun and Sachs 1995; Hentze 1997). The reason for this requirement is not clear. 
It is proposed that circularization increases the affinity of initiation factors for the mRNA 
resulting in increased initiation (Pestova et al., 2001). It may also promote ribosome recycling. 
In cellular mRNAs, these interactions are mediated by the 5* m'G(5")ppp(5")N cap structure and 
the 3' poly(A) tail. Initiation factor eIF4E interacts with the cap structure, poly(A) binding 
protein (PABP) binds to the poly(A) tail, and these factors are tethered by a large multi-subunit 
adapter protein, eIF4G (Wells et al., 1998). In plants, at two isoforms of eIF4G exist 
(Browning, 1996; Gradi et al., 1998) and at least two iso forms of eIF4E (Ruud, 1998; Browning 
1987). The initiation factors eIF4E and eIF4G interact in the absence of mRNA, forming 
eIF4F (Merrick, 1994). The helicase eIF4A is loosely associated with this complex in plants, 
and does not copurify with eIF4F (Browning, 1996). The binding affinity of eIF4E/iso4E to 
cap and PABP to poly(A) RNA is increased by its association with eIF4G (Borman et al., 2000), 
resulting in an overall increased association with mRNAs containing both cap and poly(A) tail 
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(Pestova et al., 2001). Initiation factor eIF3 binds to eIF4G, ribosomes are recruited to the 
mRNA, and translation initiates (Kozak, 1989; Preiss and Hentze, 1999). 
The mRNAs of many viruses lack either a cap and/or poIy(A) tail; yet they are still able 
to translate efficiently utilizing the same host machinery as in cap and poly (A)-mediated 
translation. In many of these cases specific RNA sequences, generally located in the 5' or 3' 
untranslated region either substitute for, or recruit, factors that can substitute for interactions 
with eIF4F/PABP binding to the mRNA. Probably the best characterized cap-independent 
translation mechanism is that of the mammalian viral internal ribosome entry site, 1RES. This 
family has members in the Picornaviridae (Jackson and Kaminski, 1995), Flaviviridae (Lemon and 
Honda, 1997), hepatoviruses (Glass et al., 1993), and the cricket-paralysis like viruses (Wilson et al., 
2000). 1RES elements are distinguished by highly structured RNA sequences generally 
hundreds of bases long that are able to recruit the ribosome independent of a free 5' end. 
Ribosome recruitment is either direcdy to the mRNA, placing the initiation codon direcdy in 
the P site as in hepatitis C virus, pestiviruses, and the cricket-paralysis like viruses (Borman et 
al., 2001, Sasaki et al., 2000, or via interactions with the central third domain of eIF4G as in 
picornaviruses (Lomakin et al., 2000). Most members of the Picornaviridae family contain a 3' 
poly(A) tail. During infection by a picomavirus, viral proteases are produced that can cleave 
eIF4G (Haghighat et al., 1996) and PABP (Kerekatte et al., 1999). The cleavage of these factors 
leads to inhibition of host protein synthesis, but has litde effect on viral protein synthesis. This 
event removes the eIF4E-binding site from eIF4G, preventing host cap-dependent translation. 
In addition to viral mRNAs, a small subset of host mRNAs containing 1RES elements, 
identified based on their ability to be translated in the absence of intact eIF4G, continue to 
translate Johannes et al., 1999). IRESes have no requirement for eIF4E and are therefore not 
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affected. The PABP binding site of eIF4G is also removed, preventing circularization mediated 
by the poly(A) tail. The poly(A) tail is required for viral mRNA translation before the shut 
down of host translation, allowing the viral mRNA to be circularized through PABP-eIF4G-
IRES interactions (Bergamini et al., 2000). Circularized viral mRNAs are able to compete for 
translation factors against host mRNAs until the point at which eIF4G is cleaved, host 
translation is inhibited, and efficient translation can occur without 3' to 5' interaction. 
The rotaviral mRNAs provide an example of capped and non-polyadenylated mRNAs 
that also translate competitively against host mRNAs. In this case, the viral protein NSP3A is 
able to evict PABP from the eIF4F complex to prevent poly(A) dependent translation (Piron et 
al., 1998; Vende et al., 2000). NSP3A can also bind to a GACC sequence present at the 3' end 
of all rotaviral mRNAs (Chizikov et al., 2000). In this way viral mRNAs are circularized by an 
alternative interaction between eIF4G with NSP3A, substituting for the PABP-poly(A) 
interaction. This mechanism allows efficient translation of viral mRNAs while inhibiting host 
protein synthesis. 
Plant viral mRNAs in the Luteovints genus (Allen et al., 1999), Necrovirus genus 
(Meulewaeter et al., 1990), satellites of Necro viruses (Meulewaeter et al., 1998; Danthinne et al., 
1993) and other members of the Tombusviridae family (Qu and Morris, 2000) lack both a cap and 
poly(A) tail yet translate as efficiently as host mRNAs. The translation mechanisms for each of 
these viral mRNAs appear significandy different from those of mammalian 1RES sequences. 
Translation of all of these plant viral mRNAs is conferred by sequences residing in their 3' 
UTR, does not require a 5' cap, and they do not confer initiation at internal start codons. 
Barley yellow dwarf virus (BYDV), the type member of the Luteoviridae family, is an 
excellent model for studying 3' UTR elements involved in cap-independent translation of plant 
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viruses. The 3' UTR of BYDV is unusually long at 869 nucleotides (Figure 1). Cap-
independent translation (Wang et al., 1997), ribosomal frameshifting (Paul et al., 2001), and 
promoters for minus strand synthesis and subgenomic RNAs (Koev and Miller, 2000) require 
RNA sequences located in this region. This report focuses on the function of the 105 nt 3* 
translation element (3' TE or TE[05) located between nucleotides 4814 to 4918). This element, 
in conjunction with the viral 5' UTR, facilitates cap-independent translation in wheat germ 
extracts (Wang and Miller, 1995). The 3' TE alone is also able to repress translation when 
added in trans, suggesting it titrates away factors required for both cap-dependent and 3' TE-
dependent translation (Wang et al., 1999). In vivo, additional sequence downstream of the 3' TE 
is required for translation, which can at least in part be functionally replaced by a poly(A) tail 
(Guo et al., 2000). These data suggest that separate elements in the BYDV 3' UTR functionally 
substitute for a cap and a poly(A) tail. Structural and mutational analysis of the 3' TE showed 
that it is able to interact with the viral 5* UTR via direct base-pairing between sequences in the 
5' UTR and the 3' TE (Guo et al., 2001). In vitro, circularization of BYDV mRNAs by RNA-
RNA interactions occurs in the absence of protein co-factors. One of the primary questions 
remaining is how the 3' TE is able to substitute for a cap, enabling it to recruit the translation 
machinery to the 5' UTR via a 3' located element. These plant viral mRNAs differ from all 
other well-studied translation elements in which factor recruitment is via the 5' UTR. 
The most closely mechanistically related plant viral mRNA studied is that of satellite 
tobacco necrosis virus (STNV). It contains a 3' TED (translational enhancer domain), that much 
like the BYDV 3' TE enhances cap-independent translation from the 3' UTR. It bears no 
obvious structural similarity to the 3TE, nor does it appear to basepair to the 5'UTR 
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Figure 1. BYDV genome organization. Grey box, 3' translation element nucleotides 4814 to 
4918 required for translation in vitro. Hatched box, additional sequence required for translation 
in vivo. 
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(Meulewaeter et al., 1998). Two proteins of 28kDa and 30kDa have been identified that bind 
the 3' TED and are required for its function (van Lipzig et al, 2000). 
In nearly all of the above cases, circularization and recruitment of canonical initiation 
factors are required for efficient translation. Considering the lack of both a cap and poly(A) tail 
on BYDV mRNA, we predict that the 3' TE must be able to recruit the translation machinery 
at some point in the initiation pathway. In this report we show that this is in fact the case and 
that the circularization model also holds true for BYDV although in a permutated form. 
Results 
Purification of proteins interacting with the 3' TE 
Part of the function of the 3' TE must be to recruit the ribosome, either direcdy or via 
initiation factors. To identify potential TE-binding proteins, we used the TE105 and the mutant 
TEBF, containing a four base GAUC insertion in the BamHI4837 site in the TE, as bait RNAs to 
purify proteins from wheat germ extracts. The TEBF mutant neither promotes translation in cis 
nor inhibits in trans. Bait RNAs were modified at the 3' terminus by addition of a biotin-
amidocaproyl linkage (Von Ahsen and Noller, 1995). Biotinylated RNAs were bound to 
streptavidin magnetic beads, followed by incubation with wheat germ extracts. Following 
several washes in binding buffer to remove unbound proteins, bound protein fractions were 
eluted using high salt conditions. Several proteins were able to bind to the TE105 alone, or to 
both the TEand TEBF, but not to the viral 5' UTR (Figure 2A). Strong bands of 
approximately 26 kDa (p26), 28 kDa (p28), and 86 kDa (p86) bound only to the TE105, along 
with several other bands. The fattest band is the TE105 itself, which stains very darkly using 
standard silver staining protocols. Proteins of approximately 45 kDa, 52 kDa, and 70 kDa 
bound to both the TE105 and TEBF, although the TE105 appeared to exhibit stronger binding. 
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Figure 2. Isolation and identification of TE binding proteins from WGE. 
A) Affinity purification of proteins using biotin labeled RNAs as bait. Proteins were purified 
from wheat germ extracts, and eluted using 0.5M NaCl. Protein standards are indicated at sides 
of gel, eIFiso4E and eIFiso4G are recombinant proteins also included as markers. Black dot 
marks the TE105 used as bait that stains using standard silver staining protocols. Additional 
bound proteins are marked with grey dots. The BYDV 5' UTR consists of bases 1 to 143. This 
RNA does not inhibit in trans. The STNV TED consists of bases 621 to 741 and is included as 
a positive control for eIF4F/iso4F purification. 
B) Western using antibodies to known initiation factors on purified TEBP extracts. Lanes are 
as indicated. Only the portion of gel containing the protein of interest is shown for clarity — no 
non-specific bands were detected with any of the antibodies. 
Q Activity of recovered TEBP. Increasing amounts of TEBP mixture were added to WGE in 
vitro translation reactions containing excess TE in trans. Total reaction volume was 25(4.1, TE 
and TEBP were added to WGE immediately before the reporter RNA. Numbers reported in 
the table are percent translation relative that of the no TE added control. 
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It is unlikely that these are non-specific RNA binding proteins, as they were not isolated using 
the BYDV 5' UTR as bait. No specific proteins were found that bound to the 5' UTR, 
confirming evidence that the 5' UTR is not direcdy involved in recruiting translation machinery 
(Guo et al., 2000). As predicted, proteins of 28kDa and 86kDa were isolated by the STNV 
TED (van Lipzig et al., 2000; K. Browning personal communication). 
To distinguish proteins which bound directly to the TEI05 from those that were only 
indirectly associated as part of a complex, 32P-CTP labeled RNAs were UV-crosslinked to 
protein extracts (data not shown). Four of the proteins, estimated as p26, p28, 70 kDa, and p86 
showed a direct interaction with the TEI05. The proteins that bound only to TE105 are likely 
candidates for mediating TE-dependent translation. Proteins that interact with both the TE105 
and TEBF may be non-specific RNA binding proteins or non-limiting factors. 
From previous work we suspected that eIF4F might be involved in TE mediated 
translation because it was able to reverse trans inhibition by excess TEI05 (Wang et al., 1997). 
Picornaviral IRESes also require the eIF4G component of eIF4F for translation, suggesting this 
factor may play a crucial role for many translation elements. To test this hypothesis, we used 
antibodies to wheat initiation factors eIF4A, 4B, 4E, iso4E, and iso4G as probes. The purified 
TEBP's were transferred to PVDF membranes and the interaction with each antibody detected 
(Figure 2B). The STNV TED interacting proteins were identified as eIF4E, eIFiso4E and 
eIFiso4G in agreement with previous data (K. Browning, personal communication). The 
BYDV 3' TE, but not the mutant TEBF, interacted with eIF4E, eIFiso4E and eIFiso4G, but 
not eIF4A or eIF4B. These results, in conjunction with the UV crosslinking data, indicate that 
the 3' TE specifically interacts with eIF4F/iso4F, either direcdy or indirecdy via an unidentified 
component. None of the initiation factors tested bound to TEBF, showing that this mutation 
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disrupts the RNA structure required to bind eIFiso4F. These results also demonstrate that the 
interaction of eIF4F/iso4F correlates direcdy with activity of the BYDV translation element. 
Due to the possibility that translation non-specific proteins may have been purified, the 
activity of the TEBP extract was analyzed in wheat germ extracts containing exogenous TE105 
competitor. As reported previously TE105 added in trans disrupted translation of a luciferase 
reporter mRNA containing the TE in cis (Wang et al., 1999). Addition of increasing amount of 
TEBP reversed this inhibition, showing that functional proteins were isolated (Figure 2Q. 
These results show that all factors required for TE105 mediated trans-inhibition were isolated. 
TE105 binds directly and specifically to eIF4E and eIFiso4E 
Unfortunately these results cannot demonstrate a direct interaction between 
eIF4F/iso4F and the TE, but can only say the association is important for TE mediated 
translation. To evaluate if either eIF4E/iso4E or eIFiso4G could bind directly to the TE, 
recombinant proteins were expressed in E.coli and tested for binding affinity and specificity 
using a filter binding assay (Figure 3). Binding affinity was estimated by incubating increasing 
amounts of protein with the RNA of interest at a concentration at least 100 fold below the Kd 
of the interaction. The binding constant (Kj was estimated at the point of 50% of the RNA 
bound. The binding constant of TE105 for eIF4E and eIFiso4E is estimated to be Kd~2xl0"7. 
The interaction with TEBF was very weak, with a Kd below the detection limit of this assay. To 
begin to define the structures in the TE required for protein binding, the trans-inhibition assay 
was applied to TE mutants (Wang et al., 1997; Wang et al., 1999). The TE105 inhibits translation 
when added in excess to in vitro translation assays. Because TE105 can bind to eIF4E, it is 
probable that this inhibition is due to competition for limited eIF4F available for translation. 
This inhibition can be reversed by adding exogenous eIFiso4F, lending further evidence for 
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Figure 3. Estimation of binding affinity. Data presented are from dot blots, using both TE 
(filled points) and TEBF (open points) to estimate the binding affinity for both eIF4E (circles) 
and eIFiso4E (triangles). Approximate binding curves were fit to the data using Microsoft 
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this hypothesis (Wang et al., 1997). Moreover the mutant TEBF does not inhibit in trans and 
does not bind eIF4E, indicating that sequence around the BamHI.^- site is essential for eIF4E 
binding. Using the structure of the TE previously determined (Figure 4A, Guo et al., 2000), we 
sought other mutations that would influence binding as indicated by the ability to inhibit both 
cap- and TE-dependent translation in trans. Utilizing the secondary structure as a guide, specific 
domains with the 3' TE were targeted for mutagenesis. Each mutation was folded using Mfold 
to help ensure additional changes were not induced. 
The results of these experiments are summarized in Figure 4B. All mutations to SLI 
prevented trans-inhibition, suggesting that the primary binding determinants for eIF4E or other 
essential factors reside in this region. Mutations to either the loop or stem structure alleviated 
the ability of the RNA to inhibit translation. Mutations in the LIII domain, required for 
interaction with the 5' UTR, reduced but did not eliminate trans-inhibition. Likewise, 
mutations in SLII were able to inhibit translation in trans, suggesting a minor if any role in 
eIF4E interaction. From these data, it appears that the entire SLI sequence is the primary 
binding site for eIF4E, but does not rule out the possibility that additional RNA structure is 
required for binding. 
Discussion 
The 3* translation element interacts with host translation initiation factors 
In cis, the 3' TE confers very efficient cap-independent translation to both viral and 
non-viral reporter genes lacking any translated viral sequence. Because the BYDV TE 
functions in the absence of viral proteins, the mechanism must rely wholly on host factors. At 
least 6 proteins were isolated using the TE,05 as bait to extract interacting factors from wheat 
germ translation extracts. Of these proteins, three were specific to the TE105, while the three 
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BF 100*6.8 91*2.2 93*17 n/a 
Sl-R 100*6.7 85*0.9 102*8.3 n/a 
ASLII 92*6.0 101*7.0 106*1.3 69 
LI-GGAA 116*0.7 115*0.4 117*1.4 100+ 
Sll-D 81 ±5.0 62*2.6 67*11 n/a 
Sll-R 60*6.8 23*3.5 12*2.8 63 
Llll-M 83*2.7 79*2.1 73*3.3 83 
Figure 4. Identification of protein binding site(s) on the TE105. 
A) Secondary structure of the TE105 and stem-loop IV of the 5' UTR determined in Guo et al., 
2000. The base-pairing between SIV of the 5' UTR and SHI of the TE is shown. 
B) Trans-inhibition of TE mutants. Competitors were added in trans to both viral and non-viral 
capped luciferase reporters in translation assays, and relative light units measured. Data is 
reported as percent of no competitor added (set to 100% in each experiment). The first three 
columns (10X, 50X, 100X) show translation from reporters containing viral sequences flanking 
firefly luciferase, the last column (40X competitor) shows translation from capped and 
polyadenylated renilla luciferase. Standard deviation is shown for all firefly luciferase readings. 
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remaining major proteins also bound the TEBF mutant bait, possibly due to non-specific RNA 
binding. Because the proteins that bound TE and TEBF did not bind other RNA baits (5' UTR, 
STNV TED) it is likely that these proteins interact with structures in the TE not affected by the 
TEBF mutation. The primary function of the 3' TE appears to be facilitating translation yet it 
can not be ruled out that it also functions in viral replication. The additional proteins remaining 
to be identified may assist in viral functions not directly related to translation initiation. One 
possibility is that these proteins stabilize the 5' to 3' RNA-RNA interactions in vivo. The 3' TE 
also functions as a promoter for subgenomic RNA synthesis, therefore bound proteins could 
potentially be involved in viral replication or possibly cytoskeletal localization (Koev and Miller, 
2000). From previous work, we know that the TEBF mutation does not function in either the 
5' or 3' end on the mRNA and therefore is defective in initiation, although these data do not 
rule out the possibility that the BF mutant is also defective in 3' to 5' communication (Wang et 
al., 1995, Wang et al., 1997, Guo et al., 2000). TEBF secondary structure is nearly the same as 
the 3' TE, suggesting that the BamHI4837 site is directly involved in binding essential factor(s). 
Potentially these proteins that interact with both the 3' TE and TEBF RNAs may participate in 
communication or maintenance of RNA structures involved in initiation of translation. A faint 
band is also present at the approximate position of eIF4G, although no recombinant protein or 
antibody is available to provide positive identification. The identification of eIF4E as one of 
the proteins binding the TE105 makes it very likely that the other subunit of eIF4F, eIF4G, 
would be present in the bound fraction. 
As expected, both components of eIFiso4F were identified in the TEBP extracts. 
Although no antibody to eIF4G was available to our lab, we would predict from the presence 
of eIF4E that it is also in the TEBP extract. eIF4A and eIF4B were detected only in WGE 
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prior to TE depletion, and not in any of the RNA-bound fractions. These results also confirm 
that STNV TED binds two proteins of approximately 26kDa and 28kDa (van Lipzig et al., 
2000), and reveals them to be eIF4E and eIFiso4E (K. Browning, unpublished data) as 
predicted by van Lipzig. The similar sizes of the isolated proteins from STNV suggest that both 
3' elements may utilize similar mechanisms. 
The TEm5 forms a cruciform (or cloverleaf) structure (Figure 4A, Guo et al., 2000). The 
TEBF mutadon that abolishes translation lies at the junction of stems I and IV. The loop III 
(T.TTT) sequence is required primarily for communication with the 5' UTR, and has only a minor 
effect on the cap-independent translation function of the TE (Guo et al., 2000). Thus, it would 
not be expected to recruit essential translation components. As predicted, it still inhibited in 
trans, although its ability to do so was reduced. Changes to the sequence of LII have no effect 
on trans-inhibition, whereas all changes to SLI abolished the trans-inhibition function, as well as 
translation in cis (Guo et al., 2000). Taken together, the /ra/w-inhibition data suggest that the 
primary determinant for eIF4E/iso4E binding lies in SLI. The mutations introduced to the 3' 
TE may disrupt binding by destroying important tertiary structures required for TE function. 
The four base TEBF4837 mutant causes a significant shift in mobility on non-denaturing RNA 
gels, despite the similar secondary structure to the 3' TE (Guo et al., 2000). The relative 
decrease in /raw-inhibition of all mutants except SLII-R may be in part due to alterations in 
tertiary structure elements, perturbing the interaction with eIF4E/iso4E. 
The GGAAA sequence in LI fits the consensus for protein-binding site for the 
bacteriophage Lambda N protein - box B RNA interaction (Legault et al., 1998). The NMR 
structure of the Lambda box B RNA shows that the GGAAA can form the internal structure of 
a GNRA tetraloop, with the extra A extended from the structure. This similar sequence in the 
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BYDV y TE may also form a structure that interacts with plant cap-binding proteins. The 
sequence of SO is part of a conserved 17-nt tract that is absolutely conserved in the Luteovirus 
genus, soybean dwarf virus, and tobacco necrosis virus (Wang et al., 1997; Guo et al., 2000). All 
of these viruses lack both a cap and a poly(A) tail. The presence of the eIF4E/iso4E binding 
site in related viruses imply that cap-independent translation mediated by a 3' UTR interaction 
with eIF4E/iso4E may be a more widely utilized mechanism than for BYDV alone. 
Affinity of the TE105 for cap-binding proteins 
Recombinant proteins eIF4E and eIFiso4E bound directly to the TE, but not the 
TEBF, with an affinity of approximately 2x10" M. The protein eIFiso4G bound to both 
RNAs, suggesting that it is not the primary determinant for RNA binding. eIF4G contains an 
RNA recognition motif that can bind RNA non-specifically, and this binding is enhanced by 
eIF4E binding the cap (Imataka et al., 1997). The interaction between eIF4E and the TE is 
relatively weak, although at least as strong as that reported for cap-eIF4E (Carberry et al., 1989). 
It is possible that the binding between the TE and eIF4E is enhanced by the presence of 
eIF4G, in a manner similar to that of the enhancement of cap-binding by eIF4G. Two lines of 
evidence provide further support this hypothesis; first eIF4F containing eIF4E interacts with 
cap with about two logs stronger affinity than eIF4E alone (Haghighat and Sonenberg, 1997; 
von der Haar et al., 2000). Second, the STNV TED also binds with about two logs higher 
affinity to eIF4F than to eIF4E (K Browning, unpublished data). In this scenario, eIF4G 
would enhance the specific binding of eIF4E to the TE, allowing it to compete for these 
translation factors against capped cellular mRNAs. 
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Cap-binding proteins as targets for cap-independent translation in plants 
In addition to BYDV and STNV mRNAs, the poxviruses TuMV and TEV have been 
shown to interact with eIF4E, albeit via the 5'-terminal VPg rather than a 3' RNA sequence 
(Schaad et al., 2000; Leonard et al, 2000). Poxviruses lack a cap, but do have a 3' poly(A) tail. 
The poxviruses have a very efficient 5' UTR that permits cap-independent translation, thus it is 
not clear whether the VPg-4E interaction functions in translation or replication (Carrington and 
Freed, 1990; Gallic et al., 1995; Niepel and Gallic, 1999). For the potyviral elements eIF4E may 
play an ancillary role in translation initiation. eIF4G can associate with microtubules (Bokros et 
al., 1995), therefore it is also possible that these interactions help to localize viral translation in 
the plant cell. It is possible that the association of the TE105 with eIF4F localizes viral mRNAs 
to the cytoskeleton, although unlike the potyviral VPg the 3TE is the primary translation element 
in the viral mRNA. 
De Gregorio et al. (2001, 1999) found that by tethering either eIF4E or eIF4G to an 
mRNA through an engineered interaction, cap-independent translation of the mRNA could be 
enhanced. These experiments show that an artificially derived interaction between initiation 
factors and an mRNA 5' UTR can facilitate cap-independent translation. The interaction 
between eIF4E/iso4E described in this report is unique in that the factor is tethered not to the 
5' UTR where translation initiates, but to the 3' UTR. The finding that interaction of eIF4E 
with viral sequences can enhance translation extends the idea that tethering initiation factors to 
an mRNA will increase its translation efficiency to naturally occurring RNA sequences. 
Furthermore, formation of initiation complexes with eIF4E/iso4E is not limited to the 5' end 
of an mRNA, but can also function when located in the 3' UTR. 
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It is quite interesting to note that mammalian viral 1RES sequences that do not bind 
direcdy to the ribosome have a preference for eIF4G (Belsham and Sonenberg, 1996). These 
viruses encode proteases that cleave eIF4G to remove the eIF4E-binding site, effectively 
inhibiting host cap-dependent translation (Svitkin et al., 1999). Evidence from both the 
potyviruses and from the BYDV 3' TE/eIF4E interaction shown here, suggest that plant 
viruses have evolved a preference for eIF4E rather than eIF4G. Whether this is simply a 
chance event that plant and animal viruses have taken different paths, or if there is some 
advantage for targeting eIF4E in plants is yet to be discovered. 
There may be some advantages to targeting initiation factors for translational regulation 
of viral RNAs. Initiation factor eIF4E is the rate-limiting factor for translation initiation in 
plants (Sonenberg, 1996; Raught and Gingras, 1996). The iso form eIFiso4E is approximately 10 
fold more abundant in plants, and each isoform may have different roles in the plant cell 
(Browning, 1987; Dinkova et al., 2000). An mRNA that has little preference for one form of 
eIF4E over the other, or a reduced requirement for eIF4E could have a translational advantage. 
Previously it was reported that translation initiation mediated by both the 3' TE and the STNV 
3' TED have a reduced dependence on eIF4F (Wang et al., 1997; Timmer et al., 1993). 
Plant cells maintain strict control over eIF4E activity, regulating its binding affinity for 
both cap and for eIF4G. Under certain stress conditions, translation of capped cellular mRNAs 
is reduced or shut down by dephosphorylation of eIF4E (Kleijn et al., 1996; Sonenberg, 1996), 
or by the virus itself (Pestova et al., 1996). The phosphorylation state of eIF4E but not 
eIFiso4E is increased by high levels of cytosolic calcium, caused by conditions such as anoxia 
(Bailey-Serres, 1999). Each isoform also has individual preferences for RNA, eIF4F is sensitive 
to hairpin structures, while eIFiso4F prefers linear mRNAs (Carberry and Goss, 1991). It will 
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be quite useful to learn if these changes influence plant viral translation as well. The X-ray 
crystal structure revealed that the cap-binding cleft of eIF4E is very specific for m7G. We 
propose that the 3' TE and other 4E-interacting RNA elements, including the STNV TED and 
potyviral VPgs, bind non-comperirively with other sites on eIF4E/iso4E. The binding site(s) of 
viral translation elements may not be affected by the phosphorylation state of eIF4E/iso4E, 
thereby allowing translation of viral RNAs. Further research to identify the precise amino acids 
on eIF4E required for TE-binding should help answer these questions. 
The finding that the 3' TE binds specifically to the cap-binding proteins helps explain 
the mechanism by which the BYDV translation element functions to provide cap-independent 
translation. These data allow further modification to the model proposed for BYDV 
translation (Figure 5, Guo et al., 2001). The 3' TE recruits eIF4F/iso4F via an interaction of 
eIF4E/iso4E with LI of the 3' TE. This complex is delivered to the viral 5' UTR via direct 
base-pairing between the 3' TE and the 5' UTR (Guo et al., 2001). The 40S ribosome binds via 
canonical interactions with eIF4F, and scans the 5' UTR until the first initiation codon is found 
and translation begins. Positioning of the TE in the 3' UTR ensures that only full-length 
mRNAs will be translated, and that only one copy of a TE is required in the viral genome. This 
mechanism also explains how the TE can trans-inhibit translation by specifically binding 
eIF4E/iso4E. It is not known whether ribosomes are recruited before or after circularization 
of the mRNA, or if it can interact directly with the 3' UTR independent of the 5' to 3' 
interaction. Further identification of additional protein factors that interact with both the TE 
and TEBF mutant may help answer these questions. The most interesting finding is that 
translation can be initiated through eIF4F/iso4F interactions at the 3' end of the message, 
provided a mechanism is available to deliver these factors to the 5'UTR. Our data add further 
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evidence for the circularization model of translation, and demonstrate new permutations of the 
typical eukaryotic model. 
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Figure 5. Model for translation mediated by the BYDV 3' TE. Initiation factor eIF4F/iso4F is 
recruited to the 3' TE via interactions with eIF4E/iso4E and the TE. The TE also base-pairs 
directly to the viral 5' UTR, possibly enhanced by cellular proteins in vivo. The 40S ribosome is 
recruited through eIF4F, and is competent to initiate scanning on the viral 5' UTR and initiates 
at the first start codon on the mRNA. In vivo, additional RNA-RNA or RNA-protein 
interactions downstream of the 3' TE further enhance translation possibly by substituting for a 
poly(A) tail (Guo et al., 2000). 
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Materials and Methods 
RNA transcription. Plasmid templates were linearized by restriction digestion (filter binding 
assays) or amplified by PGR to insure correct RNA length. RNAs used for protein purification 
were transcribed using the Megascript kit from Ambion. RNAs used as probes in dot blot 
assays were synthesized according to Promega's small-scale transcription protocol using 32P-
CTP as a label. Unincorporated nucleotides were removed on a BioRad P30 spin column. 
Purification of TEBPs. TEI05 and control RNAs were biotin labeled at the 3' terminus using a 
modified version of the method of van Ahsen and Noller (1995). RNAs were oxidized by 
adding an equal volume of RNA (3nmol total) to fresh lOOmM NaI03, to a total volume of 
100^.1, followed by a one hour incubation in the dark at room temperature. Next, an equal 
volume of 50% ethylene glycol was added and incubated 15 min in the dark to destroy any 
remaining periodate. Oxidized RNA was precipitated with ethanol, and dissolved in 80(4.1 H20. 
20(ll biotin amidocaproyl hydrazide (Sigma) in DMSO was added to the RNA to get a final 
concentration of lOmM and incubated two hours at 37°C. 100(4l of 0.2M sodium borohydnde 
was added immediately after preparation to the RNA, with 200(4.1 1M Tris-HCl pH 8.2. The 
RNA was incubated 30 minutes on ice in the dark. Finally, the biotin labeled RNA was 
precipitated with ethanol, redissolved in ddH20 and purified on a BioRad P30 spin column to 
remove unincorporated biotin. 
Magnetic beads (Promega) conjugated to streptavidin, were washed three times in 0.5X 
SSC. One nanomole biotinylated RNA was added in 0.5X SSC to washed beads, and incubated 
10 minutes at room temperature. Beads were captured using a magnetic stand, and washed four 
times in 0.1X SSC. 500(4.1 wheat germ extract plus 500 (4.1 2X binding buffer (40mM Tris-HCl 
pH 7.5, 100 mM KAc, 4 mM DTT, 4 mM MgCl,, 2 mM EDTA, 10% Glycerol) were added to 
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the bead and incubated 10 minutes at room temperature. The optimum binding conditions 
showing the largest differences between the 3' TE and TEBF were chosen. Unbound proteins 
were removed by 3 to 5 washes in IX binding buffer plus 5 pg/ml tRNA. Bound protein was 
eluted by high salt or by heating to 95°C in IX SDS-PAGE loading buffer (50mM Tris-HCl pH 
6.5, 2% SDS, 15% glycerol, 0.72 M BME, 0.01% bromophenol blue) for 5 minutes. 
Western blotting. Purified TEBPs were blotted onto PVDF membrane, and probed using 
anitibodies to known initiation factors. Detection was performed using the ECF detection kit 
(Amersham-Pharmacia). 
Filter binding assays. 32P labeled RNAs were quantified using scintillation counting. 109 
pmol RNA was incubated with increasing concentrations of protein in IX binding buffer for 10 
minutes at room temperature. Complexes were filtered through pre-wetted nylon membrane 
(Hybond-N, Amersham), which was then dried, and exposed on a Phosphoimager (Molecular 
Dynamics). The volume of each spot was analyzed using ImageQuant software, and the 
average and standard deviation were calculated. All samples were done in at least triplicate. 
Translation assays. Translation in wheat germ extracts was performed as in Wang et al. 
(1999). For competition assays, excess TEm5 was added in trans, with or without purified 
TEBPs. After a one-hour incubation at 25°C, 5(il of the translation mix was assayed in 50|il 
luciferase assay buffer (Promega) in a Turner Designs 20/20 luminometer. 
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CHAPTER 5. ADDITIONAL SEQUENCE DOWNSTREAM OF THE BYDV 3' TRANSLATION 
ELEMENT FUNCTIONALLY MIMICS A POLY (A) TAIL 
Authors note: Poly(A) tail data presented in Figure I and related discussion (italicized) were 
published as part of the manuscript by Guo L, Allen E, Miller WA. 2000. Structure and 
function of a cap-independent translation element that functions in either the 3' or 5' 
untranslated region. RNA 6:1808-1820 
Edwards Allen and W. Allen Miller 
Abstract 
The 3'UTR of barley yellow dwarf virus RNA contains a translation element (3'TE) that 
confers efficient initiation at the 5' proximal AUG. This element alone allows cap-independent 
translation of the mRNA in wheat germ extracts not dependent on a poly(A) tail. The 3'TE 
interacts with the genomic 5'UTR via a direct base-pairing, effectively bringing the TE in 
proximity to the 5'end of the RNA. The 3'TE also functions with the subgenomic 1 5'UTR that 
is unrelated in sequence except for a seven base loop in the sgRNAl 5'UTR with 
complementarity to the 3'TE. This loop sequence is also important for interactions with the 
3'TE in vitro to enhance translation. In plant cells dependent on both a cap and poly(A) tail, 
additional viral sequence (at most 869 nt) downstream of the 3'TE is required for translation. 
Previously, we found that the function of this additional sequence can be at least partially 
replaced by a poly(A) tail, suggesting a similar role (Guo et al., 2001). This downstream element, 
bases 5010 to 5677, is dubbed the poly(A) mimic (PAM). Here we show that the PAM can also 
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function in conjunction with a 5' cap. Analysis of PAM mutants define three interacting 
sequences with differing roles in translation. These data show that independent elements in 
BYDV have evolved to functionally replace the roles of a cap and poly(A) tail in translation of 
the viral mRNA. 
Introduction 
Although translation initiates at the 5' end of an mRNA, in recent years the importance 
of 3'UTR sequences in regulating translation has been more widely recognized. The most 
common 3' sequence influencing translation is that of the poly(A) tail, which synergistically 
enhances translation of capped mRNAs in vivo (Gallic, 1991; Tarun and Sachs, 1995). The 
interaction of poly(A) binding protein (PABP) with the poly(A) tail and eIF4G further promotes 
cap-dependent translation by increasing the affinity of the entire complex for mRNA (Pestova et 
al., 2001). Not only does this increase initiation of translation, but it also ensures that only full-
length mRNAs are translated. Shortening of the poly(A) tail regulates mRNA stability and 
turnover, important to many developmental functions (Beelman and Parker, 1995; Gillian-
Daniel et al., 1998; Thompson et al., 2000). 
Specific regulatory elements located in the 3'UTR in addition to the poly(A) tail exist in 
many eukaryotic mRNAs that influence their translation or degradation rates. A list of recently 
published 3' elements affecting translation is shown in Table 1. A vast number of reports exist 
detailing 3' UTR elements controlling early embryo development of Drosophila (Gunkel et al., 
1998; Sonoda & Wharton, 1999), Caenorhabditis elegans (Goodwin & Evans, 1997), and vertebrates 
(Gray & Wickens, 1998). 3' UTRs can play a major role in regulating cytoplasmic 
polyadenylarion during development (de Moor and Richter, 2001). By regulating poly(A) tail 
length, the stability and translation efficiency is tightly regulated. 
Gene Organism Function Reference 
ceruloplasmin mammals Repressed by unknown protein interaction Mazumder et al., 2001 
barley yellow dwarf virus plants -1 ribosomal frameshifting Paul et al., 2001 
Me1 Flaveria (plant) Enhance translation by interaction with 5'UTR Ali and Taylor, 2001 
BMP Xenopus Recruitment of mRNA to polysomes Fritz and Sheets, 2001 
reovirus animals Poly(A) Independent translation enhancement and repression Mochow-Grundy and Dermody, 2001 
hepatitis C virus human Repression of translation Murakami et al., 2001 
ornithine decarboxylase mammals Induction following hypotonic shock Lovkvist et al., 2001 
musashi (Msil) mammals Repressed by interaction with Msil protein Imal et al., 2001 
cyclooxygenase-2 mammals Decreased translational efficiency Cok and Morrison 2001 
selenocysteine vertebrates Incorporation of selenocysteine Tujebajeva et al., 2001 
alpha myosin mammals Regulation of expression by calcium Nikcevic et al., 2000 
nanos Drosophila mRNA localization Evans Bergsten et al., 2001 
barley yellow dwarf virus plants Cap-independent translation enhancement Guo et al., 2000 
Vg1 Xenopus Localization and translation repression Wilhelm et al., 2000 
rotavirus mammals Binding of viral proteins and translation enhancement Chizhikov and Patton, 2000 
satellite tobacco necrosis virus plants Cap independent translation enhancement Meulewaeter et al., 1998 
tobacco mosaic virus plants Poly(A) independent translation, Increases RNA stability Leathers et al,, 1993 
turnip crinke virus plants Enhances translation in conjunction with the 5'UTR Ou and Morris, 2000 
tomato bushy stunt virus plants Cap and poly(A) independent translation Wu and White, 1999 
alfalfa mosaic virus plants Poly(A) independent translation Hannetal., 1997 
Table 1. RNA elements located in the 3' untranslated region of cellular and viral mRNAs that affect translation 
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Viral mRNAs lacking a poly(A) tail 
Many viral mRNAs lack a cap and/or a poly(A) tail yet compete effectively with host 
capped and polyadenylated mRNAs for the translation machinery. A selection of viral mRNAs 
with unique 3' UTRs that substitute for a poly(A) tail are included in Table 1. Rotaviral mRNAs 
are capped, yet nonpolyadenylated. The viral protein NSP3A interacts with the viral 3' GACC 
sequence, as well as human eIF4GI (Vende et al., 2000, Piron et al., 1998). In this way, NSP3A 
can substitute for PABP in the interaction between the two ends of the mRNA. Picornaviruses, 
have a polv(A) tail that synergistically enhances translation, but the ability to interact with eIF4G 
is lost when the PABP binding site is removed (Joachims et al., 1999; Kerekatte et al., 1999). 
These viruses are able to circumvent the requirement for cap-poly(A) tail interactions by 
inhibiting cellular translation via cleavage of eIF4G, and utilizing internal ribosome entry (1RES) 
for viral mRNA translation (Lamphear et al., 1995). 
Several plant viruses have also found ways to translate without a poly(A) tail. Tobacco 
mosaic virus (TMV) mRNA has a 5' cap but no poly(A) tail. For TMV, a 205 base pseudoknot-
rich domain in the 2' UTR regulates the translational efficiency and stability of its mRNA 
(Leathers et al., 1993). The 3'UTR is able to recognize and specifically bind to factors that also 
interact with the TMV 5'UTR in a cap-dependent manner, perhaps to physically connect the 
ends of the mRNA (Tanguay & Gallic, 1996). 
The mRNAs of viruses and satellite viruses in the Luteovirus genus (Allen et al., 1999), 
Necrovirus genus (Lesnaw & Reichmann, 1970; Danthinne et al., 1993; Timmer et al., 1993), 
Tombusvirus genus (Wu and White, 1999) and the Carmovirus family (Qu and Morris, 2000) lack 
both a 5' cap and a 3' poly(A) tail. Each of these viruses is translated efficiendy owing to 
sequences residing in their 3' UTRs. Unlike mammalian IRESes, these plant viral mRNAs do not 
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confer internal ribosome entry. Proteolysis of host factors has not been reported for the plant 
viruses; therefore these elements must also compete against host mRNAs. 
The 5,677-nt genome of barley yelloxv dwarf virus (BYDV) is not capped or 
polyadenylated, instead it requires a complex 3' UTR of 869 nt (nt 4809-5677) to facilitate 
translation (Figure 1A) (Allen et al., 1999). Translation initiation of BYDV mRNA in vitro 
requires only the 105-nt 3' translation element (3'TE, nt 4814-4918) located at the 5' end of the 
3' UTR (Wang et al., 1997). Recoding events including frameshifting utilize additional elements 
located in the 3'UTR (Wang et al., 1995; Paul et al., 2000; Di et al., 1993). The 3'UTR functions 
in RNA transcription, controlling the production of subgenomic RNA2 and subgenomic RNA3 
(Koev and Miller, 2000). 
Similar to cap-dependent translation, the 3'TE recruits the cap-binding factor 
eIF4E/iso4E, albeit to the 3'UTR of the viral RNA (Chapter 4). The 3'TE communicates with 
the viral 5'UTR via direct basepairing between the RNA sequences (Guo et al., 2001). These 
interactions recruit ribosomes to the 5'UTR, where they scan to the first initiation codon and 
translation begins. In plant cells, additional viral sequence is required for translation, 
corresponding to subgenomic RNA2, bases 4809 to 5677 (Wang et al., 1999). These additional 
sequences can be functionally replaced by a 60 nt poly(A) tail (Guo et al., 2000), but full 
translation is not restored. Taken together, these data suggest that BYDV mRNA contains 
sequences that provide cap-function (3'TE) and sequences that provide poly(A) tail function (in 
vivo TE or poly (A) mimic - PAM). 
The 3'TE enhances translation of both genomic and subgenomic RNA1 from the 
3'UTR, and is located in the 5'UTR of subgenomic RNA2. Previously we have shown that the 
5'UTRs of genomic and subgenomic mRNA are differentially regulated by the 3'TE in trans 
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(Wang et al., 1999). These UTRs appear to be unrelated therefore the question remains how the 
base-pairing mechanism that functions for genomic RNA could function for sgRNAl. Here we 
report the finding of a loop sequence in the sgRNAl 5'UTR that potentially could serve this 
purpose. This report also focuses on the requirement for additional 3'UTR sequences to 
facilitate translation of BYDV mRNA in vivo. Much like the requirement for poly(A) tails on 
cellular mRNAs, this additional sequence is required only for translation in the competitive 
environment of a plant cell. To fully understand how the 3'TE functions in translation, we must 
also decipher the functions of the additional PAM elements in the 3'UTR. These results 
underscore not only the importance of recruiting cap-binding proteins to an mRNA, but also the 
role of other elements in the 3'UTR. 
Results 
The 105-nt 3' TE confers cap-independent translation in vivo, and additional viral 
sequence functionally substitutes for a poly(A) tail 
The 105-nt 3' TE sequence, spanning nt 4814—4-918 (TE4gt4_,9ls or TE 105), is sufficient for cap-
independent translation in wheat germ extract (Wang et al, 1997, 1999). However, additional sequence from 
the viral 3' UTR is necessary for translation in oat protoplasts (in vivo) (Wang et al., 1997, 1999). Because 
TE105 alone provides translational activity equal to a cap in vitro (Wang <Ù? Miller, 1995), we hypothesise that 
the extra sequence required in vivo might provide a functional equivalent to a poly (A) tail. Presence of a poly (A) 
tail has little effect on translation of mRNAs in wheat germ extracts (DoeI & Carey, 1976), whereas it greatly 
stimulates translation of capped mRNAs in vivo (Gallie et ai, 1989; Gallie, 1991). 
To test the above hypothesis, we constructed luciferase-encoding mRNAs containing TE 105 with all 
possible combinations of a cap and! or a 60-nt poly(A) tail. These transcripts were testedfor the ability to express 
luciferase in vivo (oat protoplasts). As a positive control, we used mRNA containing the viral 5' UTR and a 
3'UTR comprised of869 viral bases, from base 4809 to the 3' end of the genome, base 5677 (5' UTR-L.UC-
106 
TE869). As shown previously (Wang et al., 1999), this mRNA was translated efficiently in oat protoplasts. Its 
efficiency as a translation template was not stimulated significantly by addition of a cap and/ or a poly(A) tail 
(Fig. IB). In contrast, uncapped mRNA lacking viral sequences gave virtually undetectable translation in the 
absence of either cap or poly(A) (vec50-L.UC-vec58; Fig. IB). Presence of both these modifications gave 
translation equal to that of uncapped, non-polyadenylated 5UTR-UJC-TE869. Uncapped, non-polyadenylated 
transcript, containing viral 5' UTR and only the TE105 in the 3' UTR (5' UTR-L.UC-1 b. 105) gave no 
detectable translation. Addition of a poly (A) tail stimulated translation at least 50 fold. Thus, the additional 
viral sequence in the 869-nt 3' UTR (outside of TE 105) that is neededfor cap-independent translation in vivo 
can be replaced significantly by a poly (A) tail alone, but not by a cap alone (Fig. IB). However, this was still 
four- to fivefold below the luciferase expression obtained with a cap and a poly (A) tail, or that obtained with the 
869-nt viral 3' CJT*R in the absence of a cap. As a negative control, we introduced a four-base duplication in the 
BamHI41iS7 site within TE 105 (TE105BF), which we showed previously eliminates cap-independent translation 
(Wang et al, 1997). As expected, this completely abolished translation of uncapped mRNAs, but bad little or 
no effect on capped and polyadenylated mRNAs (Fig. IB). In summary, although TE 105 and a cap are 
interchangeable in vitro, these in vivo results suggest that it may be an over-simplification to assume that one 
sequence element perfectly mimics a cap and that another mimics a poly (A) tail. 
The TE must recruit ribosomes to the 5'-proximal AUG via some form of 3'-5' communication. This 
3'-5' communication is obviated when the TE is in the 5' UTR. When the TE was moved to the 5' UTR in 
combination with a 3' poly (A) tail, it gave significant cap-independent translation in protoplasts (TE105-LUC-
vecl5; Fig. 1). This mRNA produced about two-thirds as much luciferase activity as when the TE105 was 
located in the 3' UTR (Fig. 1, compare uncapped, polyadenylated forms of 5' UTR-LUC-TE105 and 1 b. 105-
LUC-vecl 5). This agrees with previous observations in wheat germ extract (Wang et al., 1999). 
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Figure 1. A: Genome organisation of BYDV. Open readingframes are numbered. Bold lines indicate genomic 
(g) and subgenomic (sg) RNA. Hatched box indicates the viral 5' UTR; shaded box indicates the 105 nt in 
vitro active 3' TE (lb. 105). Sequence between the vertical dashed lines (bases 4809—5677) contains the 
sequence of in vivo-active 3 TE (TE869). B: Relative luciferase activities in protoplasts 5 h after electroporation 
of oat protoplasts with the indicated RNA transcripts. Constructs are named for the 5 'UTR-L.UC-3 'UTR, 
with each separated by hyphens. The number of nucleotides in each UTR is indicated, except for the 5' UTR, 
which indicates the 143-nt BYDV 5' UTR. Vec indicates plasmid vector-derived sequence. Uncapped and 
nonpolyadenylated 5'UTR-L.UC-TE869 (containing the full BYDV 3' UTR sequence neededfor translation 
in vivo) is defined as having 100% activity. Polyadenylated RNAs contain the 60 nt poly (A) tail derivedfrom 
the plasmid vector as described in Materials and Methods. Each construct was tested with all four combinations of 
a 5' cap and a 60-nt poly (A) tail. Each RNA was tested at least in triplicate in at least three different 
experiments. Standard error is shown. 
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Sequence downstream of the 3'TE functions synergistically with a 5'cap to enhance 
translation 
The evidence showing that the 3TE acts with a poly(A) tail to synergisdcally enhance 
translation suggested that the additional sequence required in vivo might be able to act with a 5' 
cap in the absence of the TE. To test this hypothesis, mRNAs were constructed with a vector-
derived 5'UTR, and either a vector-derived or viral 3'UTR. Activity of all combinations of cap 
and poly(A) tail were analyzed in oat protoplasts (Figure 2). The control mRNA (vec^-luc-vec^ 
translated poorly without a cap and poly(A) tail, showing a high degree of synergy with both 
modifications present. mRNAs with a viral 3'UTR lacking the 3TE (vec50-luc-UTR5010.53I8 and 
vec5o-luc-UTRgylo„5677) translated well with only a 5' cap present. A poly(A) tail gave very little 
additional stimulation to these RNAs. Translation from capped vec5(rluc-UTR5010_53lg was 
considerably higher than the vector controls, indicating the presence of a PAM element in this 
region (see next section). The addition of a long (515nt) vector derived 3'UTR did not enhance 
translation (vec50-luc-vec5I5). This shows that the effect of the viral 3'UTR was a specific effect 
on translation or RNA stability, and not due to simply having a longer 3'UTR. 
These data show that not only can the PAM in part be functionally replaced by a poly(A) 
tail (Figure IB), a 5' cap can substitute for the TEl05. Either the combination of cap and poly(A) 
tail or the viral elements (TEm5 and PAM) work better together than when present in chimeric 
mRNAs. The function of each element alone suggests that recombinant viruses with a TE and 
poly(A) tail or cap and PAM would be translatable. 
At least three elements in the BYDV 3'UTR affect translation 
Further deletion analysis was performed on the PAM region to determine specific RNA 
sequences involved. The function of many of these sequences has already been elucidated for 
frameshifting (Paul et al., 2001) and replication (Koev and Miller, 2000). All mRNAs were 
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Figure 2. Relative luciferase activities of mRNAs electroporated into oat protoplasts, following 
a four-hour incubation. All constructs contain a vector derived 5'UTR (Vec50), and either 
vector or viral derived 3'UTRs. Capped, polyadenylated mRNA expression is defined as 100% 
activity. Polyadenylated mRNAs contain a 60nt poly (A) tract derived from the plasmid vector. 
Constructs with extended vector 3'UTR (Vec515) or truncated viral 3'UTR5010_5320 were obtained 
by linearizing the plasmid vector using restriction enzymes preventing the addition of a poly(A) 
tail to these mRNAs. Relative luciferase activity is plotted on a log scale. Each construct was 
tested at least in triplicate, standard error is shown. 
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translated in oat protoplasts, and luciferase expression normalized to that of the viral reporter 
containing the full length BYDV 3'UTR (Figure 3, BYDV-LUQ. 
In accordance with the data in Figure 2, the TE functioned well with viral sequence 
down to nt 5320 (A5320-5677). This construct contains both the minimum TE105 (bases 4814 to 
4918) and the minimally defined PAM (bases 5010 to 5320) from Figure 2. It is noteworthy that 
the RNA sequence required for frameshifting also resides in this region (nts 5046 to 5280). As 
reported previously (Wang et al., 1999), we found that the five bases upstream of the TE (bases 
4809 to 4813) and the 91 nucleotides downstream (bases 4919 to 5009) of the TE are absolutely 
required, although alone provide no additional translation function. 
Further identification of specific elements in the PAM responsible for its activity proved 
much more complex than initially anticipated. Sequences between bases 5010 to 5320 stimulate 
cap-dependent translation to 75% of the full-length sequence, suggesting that this region might 
contain the core element (Figure 2). Furthermore, truncation to base 5320 in the full-length in 
vivo luciferase reporter (5,UTR-luc-3'UTR4809.5677) decreased cap-independent translation to 83%, 
whereas truncation to base 5010 was down to 7% (Figure 3). Taken together, these data show 
that an RNA sequence between nucleotides 5010 and 5320 is able to provide PAM activity in the 
context of cap and poly(A) independent translation. Surprisingly, deletion of the majority of this 
region (A5020-5285) in the context of the full length 3' UTR48U9.5677 had no effect on poly(A) 
independent translation, indicating that additional sequences in this region were also able to 
function as a PAM, independent of sequence between nts 5010 and 5320. 
Several unexpected results were obtained when sequence downstream of base 5320 was 
present. Deletion to base 5432 (A5432-5677) translated poorly, despite containing a functional 
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Figure 3. Relative luciferase activity of mRNAs electroporated into oat protoplasts and 
harvested after four hours. All constructs contain the viral 5'UTR, nucleotides 1 to 143, 
firefly luciferase, the 3'TE, and various deletions of downstream RNA sequence. Translation 
from the full length 3'UTR reporter construct (BYDV-LUC) is defined as 100%. The viral 
numbering scheme is shown above the construct map, deletions of each mRNA are listed 
under construct, and the map shown to the right. Translation relative to BYDV-LUC is 
listed. Each mRNA was tested at least in triplicate. 
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TE105 and PAM sequence previously defined. The region downstream of the PAM (designated 
PAM1, bases 5010 to 5320), from bases 5320 to 5432 apparendy contains a negative regulator}' 
element that can be compensated for by the downstream viral sequence . These data do not 
show whether this effect is due to a decrease in RNA stability or to initiation. When the PAM1 
region was deleted alone, translation was not inhibited. Further deletion of sequence 
downstream of the negative element led to a loss of translation, showing the presence of a 
second element (PAM2, bases 5432 to 5677). With both PAM1 and PAM2 regions deleted, 
translation was significantly reduced when the negative element was present, but only halved 
when the negative element was deleted. As in Figure 2, translation mediated by the TE was not 
significantly enhanced by vector derived sequences downstream (+500 nt vector). 
Taken together, this set of data indicates that at least three elements affecting translation 
exist in the 3'UTR downstream of the TE. Two sequences act to enhance translation, PAM1 
and PAM2, whereas one sequence inhibits translation. Only PAM2 has the ability to overcome 
the effects of the negative element. 
Trans-inhibition of sgRNA2 deletions 
To further define the properties of the in vivo translation element, truncated RNAs 
derived from the 3'UTR were used to trans-inhibit translation in wheat germ extracts. We had 
found that the sgRNA2 competitor, bases 4809 to 5677, competes ten times more effectively 
than the TEt05 (Wang et al., 1999). These data suggest that the PAM may play a role in trans-
inhibition. None of the truncated RNAs were able to inhibit as well as sgRNA2 at low 
concentrations (Figure 4). At 50-fold excess, truncation to base 5320 or 5010 had little effect on 
trans-inhibition, whereas the TE10S alone still inhibited translation poorly. Fifty percent inhibition 
of translation occurs at approximately 5-fold excess of sg24809„5677, 13-fold for sg24809.5320, 33-fold 
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Trans-inhibition of translation by sg2 RNAs 
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Figure 4. Trans-inhibition of full length BYDV transcripts. BYDV mRNAs were translated in 
wheat germ extracts for one hour in the presence of various length sg2 RNA competitors. 
Percent translation relative to no competitor added was estimated using Imagequant software. 
Sizes of competitor RNAs are listed in the figure legend. Smooth curves were fit to the data 
using Microsoft Excel. 
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for sg248OT.5om, and 50-fold for TE105. From these data, at least the PAM1 sequence is required 
for efficient inhibition. A significant decrease in trans-inhibition is observed when the sequence 
between the TE103 and PAM1 is deleted. Although the sequence between the TE and PAM 
(bases 4921 to 5009) is not absolutely required for independent function of these elements, these 
data show that it can enhance the trans-inhibition function of the TEI05. 
Subgenomic RNA1 5'UTR can base pair to the 3TE 
The 5' UTR of sgRNAl (Figure 1A) must also be able to work in conjunction with the 3' 
TE to promote translation. The sequence of the 5' UTR of genomic RNA and sgRNAl show 
no significant similarity. Knowing the RNA structures required for translation from genomic 
RNA (Guo et al., 2000) enabled us to examine the sgRNAl 5' UTR for similar structures. The 
RNA-folding algorithm MFOLD was used to fold the sgRNAl 5' UTR, which was used to 
compare to the genomic 5' UTR structure. The stem-1 structure of both UTRs contains a very 
similar sequence, most likely required for replication of the viral RNA. Interestingly, the loop 
sequences were quite different. sgRNAl contains a seven member loop, with homology to loop 
4 of the genomic 5' UTR and complementarity to loop-3 of the 3' TE (Figure 5A). The loop 
sequence (and base-pairing potential) is conserved among luteoviruses, with PAV129 showing a 
conserved change from a G-U pair to an A-U pair. To test for base pairing in the context of 
sgRNAl, the central three bases in the 5' UTR were mutated G AC—>UCA to disrupt the base 
pairing. This mutation resulted in a 78% decrease in translation in wheat germ extracts 
compared to the wildtype control. This decrease corresponds well with that reported for 
genomic RNA (83%; Guo et al., 2001). These preliminary data suggest that the 5' UTR of 
sgRNAl probably utilizes the same base-pairing mechanism as the genomic 5' UTR. 
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Figure 5. A. Potential interacting stem-loops in the 5'UTR of subgenomic RNA1 of several 
BYDV isolates. 5'UTR structures are predicted by Mfold, the 3TE structure has been solved 
previously. Base-pairing is shown. B. VCTieat germ translation of sgRNAl and sgRNAl with the 
5'UTR stem loop mutated in the central GAC to disrupt potential base-pairing to the 3TE. 
Translation of the 22kDa BYDV-PAV6 coat protein is indicated. 
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Discussion 
The 3' UTR of BYDV can substitute for a poly(A) tail 
Gene expression from an mRNA with the 105-nt in vitro-dejined 3' TE4g combined with a 60 
nt poly (A) tail, was about 22% of thatfrom an mRNA with the full 869-nt 3 ' UTR of BYDV. This is more 
than 50- fold higher than with the same constnict lacking the poly (A) tail. We found previously that mRNA 
with TE 105 and a 30 nt poly (A) tail translated only one-eighth as efficiently as mRNA with the full 869-nt 
BYDV 3' UTR (Wang et al., 1997). This shows the importance ofpoly(A) tail length. The packing density of 
PABP on a poly (A) tail is about 25 As per PABP in yeast (Sachs et al., 1987), so a 30-nt A tract can be 
bound by only one PABP, whereas the 60-nt tail can be bound by at least two. In a poly(A)-dependentyeast in 
vitro translation system, Preiss et al. (1998) showed that a minimum of two PABPs was required for the 
cooperative interaction with the cap in translation. The longer poly(A) tail also serves to enhance stability of 
mRNA in vivo (Beelman & Parker, 1995). It is possible that a typical 100-200-nt poly (A) tail could 
completely restore translation to the level conferred by the 869-nt 3 ' UTR. However, addition of a cap did restore 
full translation to the TE105/A60 construct, suggesting that some BYDV sequence outside of TE105 is 
needed for cap-independent translation only in vivo. Alternatively, the cap may in-crease luciferase expression by 
conferring stability on the mRNA that the TE cannot provide (Beelman <Ù° Parker, 1995). It is likely that the 
sequences in the 3' UTR facilitate cap-independent and poly(A)-independent translation by a mechanism that 
cannot simply be broken down into discrete units that precisely mimic a cap or a poly (A) tail. 
The ability of a heteropolymeric tract of RNA in the 3 ' UTR to replace a poly(A) tail has been shown 
for other viruses (Gallie Kobayashi, 1994), including TMV in which a series of pseudoknots was shown to 
facilitate translation in the absence ofpoly (A) (Leathers et al, 1993). In mammalian histone mRNAs, which 
are not polyadenylated, a simple stem-loop can suffice (Gallie et ai, 1996). Extensive computer analysis of the 
BYDV 3' UTR reveals no pseudoknot-rich domain resembling that in TMV, but, of course, numerous stem-
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loops of unknown function are predicted in the 869-nt 3 ' UTR. Future deletion analysis will allow us to localise 
the sequence that obviates the requirementfor a poly (A.) tail. 
The biochemical mechanism(s) by which circulari%ation of normal mRNAs, or the above unusual 
RNAs, facilitates ribosome recruitment is not yet clearly understood. The mechanism mediated by the TE is 
different than that of capped, polyadenylated mRNAs because this 3'-5' interaction occurs in wheat germ extract, 
yet it is insufficient in vivo. Within the 869-nt 3' UTR, but outside of TE10S, exist additional sequences 
necessary for full cap-independent translation only in vivo, and other sequences that can be substituted by a 
poly(A) tail, that are also necessary only in vivo. Thus, the poly(A)-like interaction required of normal mRNAs 
may also be necessary for the TE-mediated cap-independent translation in vivo, but it is also likely that it is an 
oversimplification to assume sequence domains precisely mimic a 5' cap or a poly (A) tail. It is clear that BYDV 
and related uncapped, nonpolyadenylated viruses have evolved a new mechanism for efficient translation initiation 
while avoiding mRNA degradation. 
Viral sequence downstream of the 3'TE functions analogous to a poly (A) tail 
The sequence downstream of the TE1U5, bases 4919 to 5677, and the five bases 
immediately preceding the 3' TE, bases 4809 to 4813, have important functions in translation in 
vivo (Guo et al., 2000), receding (Paul et al., 2001), and replication (Koev and Miller, 2000). The 
role(s) of this sequence in regulation of translation is unknown. Cellular mRNAs have been 
removed from wheat germ extracts, therefore translation occurs in a non-competitive 
environment. In a plant cell, BYDV must translate competitively against cellular mRNAs, 
potentially explaining the need for additional BYDV 3'UTR sequence. 
Translation in wheat germ extracts is virtually poly (A) tail-independent, requiring only a 
5' cap. In vivo, the poly (A) tail plays a crucial role in translation initiation and RNA stability 
(Gallie, 1991; Hentze, 1997; Sachs et al., 1997; Preiss et al., 1998). The function of the 3' TE is 
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analogous to a cap because it can recruit eIF4E and a 5* cap can replace it. Because BYDV 
RNA is not polyadenylated, and translation in vivo requires a poly (A) tail, the corollary to the 
"cap-mimic" (3' TE) would be a "poly (A) tail mimic" (PAM), used to describe the additional 
sequence requirement in vivo. Simply calling this sequence a poly(A) mimic is an 
oversimplification, as the function of this sequence is to enhance TE-dependent translation 
atypical of cap and poly(A) dependent translation. A significant level of translation in vivo can be 
restored by substitution of the viral sequences downstream of the TE105 with a 60 nt poly (A) 
tract (Guo et al., 2001). Furthermore, the sequence between nts 5010 and 5677 function fully to 
restore translation in conjunction with a 5' cap (Figure 2). This result clearly shows that the 
BYDV sequence between nts 5010 and 5677 not only reconstitutes poly (A) tail dependent 
translation, but can also function to enhance translation independently of the 3' TE. Evaluation 
of all deletions in the presence of a poly(A) tail may assist in delineating which sequences can be 
replaced by poly(A) tracts. In addition, it may be useful to test longer poly(A) tails that could 
potentially restore full translation activity in the absence of viral sequences. 
Other viral elements are known to substitute for a poly (A) tail. Rotaviruses encode a 
protein, NSP3A, which binds to the 3' terminus of rotaviral mRNAs (Poncet et al., 1994). 
NSP3A also evicts PABP from the eIF4F complex, essentially replacing this interaction for 
rotaviral mRNAs, while inhibiting poly(A)-dependent translation (Piron et al., 1998; Vende et al., 
2000). TMV RNA contains a pseudoknot-rich domain in its 3'UTR functionally replaces the 
requirement for a poly (A) tail (Leathers et al., 1993; Gallie & Walbot, 1990). In conjunction with 
the 5' cap, it synergistically stimulates translation of mRNAs (Gallie, 1991). The 3' UTR of 
alfalfa mosaic virus RNA 4 contains yet another different element that enhances cap-dependent 
translation (Hann et al., 1997). It is unlikely that the BYDV PAM is due to random sequence 
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because the replacement with a 60nt poly (A) tail or a 515nt vector derived sequence can only 
restore approximately 25% activity. In animal cells, random 3'UTRs of over 150nt could 
substitute for the translation activity of a poly (A) tail (Tanguay and Gallie, 1996). From the 
deletion mutants in the 3'UTR, the following conclusions can be drawn. Bases 4809 to 4813 and 
bases 4919 to 5010 are necessary but not sufficient for function of the TE105 and PAM, 
independent of a cap and poly (A) tail. These elements potentially serve to assist in proper 
folding of the RNA or as a spacer between the ORF, TE, and PAM. Two TE-dependent 
enhancer elements exist, PAMl between bases 5010 to 5280, and PAM2 between bases 5432 to 
5677 (very 3' terminus). The presence of either element alone is sufficient for PAM activity, in 
the absence of the inhibitory element. This inhibitory element exists between bases 5320 and 
5432, that is overcome only by the presence of the enhancer located between bases 5432 to 
5677. Deletion of the terminal enhancer without removal of the inhibitor drastically decreases 
the ability of the first enhancer to function. A group of stable stem-loop structures begin at 
nucleotide 5410, located at the border between the inhibitory element and PAM2 (Figure 6). 
The first of these loop sequences is complementary to a loop in the genomic 5'UTR, although 
deletion of either region shows no defect in translation (Guo et al., 2000; data not shown). This 
region may play an important role in maintaining proper RNA structure of surrounding 
elements, essentially acting as an insulator between functional RNA structures. If this is the 
case, it could explain the data showing a three-fold decrease in translation when the inhibitor 
sequence is deleted and only PAM2 present (compare A5020-5280 with A5020-5410). Clearly 
the borders between PAMl, PAM2, and the inhibitory element have are not yet well defined. It 
is very possible that these sequences overlap, and that RNA structures within each element fold 
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Figure 6. MFOLD predicted structure of nucleotides 5401 to 5550. The loop 
sequence 5 AUACGAAA3 could potentially base pair to the SLIII sequence 
3 UAUGUUUU3 in the 5' UTR. Deletion of the stem-loop 5413 to 5437 did not 
impact translation. 
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in a way to help the entire complex form the correct overall tertiary structure required by 
BYDV. A more detailed analysis of this region is required to understand its role in translation. 
Association of the subgenomic RNA1 5'UTR with the TE 
During virus infection, sgRNA2 is produced at a 20 to 40-fold molar excess over both 
genomic RNA and sgRNAl (Kelly et al., 1994; Mohan et al., 1995; Koev et al., 1998). The 
sgRNA2 competes for translation factors, resulting in inhibition of gene expression from other 
RNAs in WGE. The divergent 5' UTRs of gRNA and sgRNAl lead to differential inhibition by 
sgRNA2, where sgRNAl translates under high concentrations of sgRNA2 in which genomic 
RNA translation is inhibited (Wang et al., 1999). We hypothesized that the mechanism may be 
due to differences in their ability to communicate with the 3TE. The loop sequence in the 
genomic 5'UTR is located 104 bases from the 5' end. It would be predicted that the upstream 
sequence would impede scanning and therefore reduce initiation from this mRNA. The loop 
sequence identified in the 5'UTR of sgRNAl is only 11 bases from its 5'end on a much weaker 
stem, presumably a much more favorable location for initiation. Initial experiments indicate that 
the sequence identified in sgRNAl is responsible for TE-mediated translation. Possibly, it is 
simply the proximity of the sequence that base pairs to the TE to the RNA 5' end that 
determines its ability to be translated under competitive conditions. Also, the 5' stem formed in 
sgRNAl is much weaker than its counterpart in the 5'UTR of genomic RNA. Experiments are 
required to verify the ability of the first loop of sgRNAl 5'UTR to base pair to the TE, and 
show that its proximity to the 5'UTR and not additional features of the 5'UTR are responsible 
for the ability for sgRNAl to out-compete genomic RNA. 
Several viral functions depend on sequences in the 3'UTR; overlapping of each of these 
elements complicates analysis of this region. The BYDV PAM sequence is similar to other viral 
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elements that substitute for a poly(A) tail such as in TMV and rotavirus, in that they function 
synergistically with a 5' cap. The PAM is considerably different in structure, using several long 
RNA elements to accomplish this function. Characterization of each element and its interacting 
partners will help simplify all of the 3'UTR elements, and may even shed light on new 
mechanisms. It is still unknown what the function, if any, of the ORF6 product, so highly 
expressed in vitro (Wang et al., 1999), serves. Ultimately, it will be very important to understand 
how the PAM sequence assists the 3'TE in recruiting translation factors in the milieu of mRNAs 
in a plant cell. 
Materials and Methods 
Plasmid constructs 
RNA constructs used in this study were made from the following groups of plasmids: 
Set I: plasmids with a poly(AM) tail including all in vivo 5' UTR function reporters and most of in 
vivo y UTR function reporters; Set II: plasmids p5'UTR-LUC-TE869 and deletion mutants of 
TE869; Set III: plasmids pLUC-PAM and pVec50-LUC-Vec58-poly(Aûo). All constructs were 
verified by sequencing on an ABI 377 automated sequencer. Secondary structures of all mutants 
were checked using MFOLD (Zuker, 1989) to ensure that the predicted structures, other than 
those we intended to alter, were maintained. 
Set I: p3'8, which contains a 60-nt poly(A) tract, was a generous gift from Andy White, 
York University. A Vspl site was introduced adjacent to the (A)60 tract by digestion with EcoRI, 
treatment with Klenow enzyme, and religation. The poly(A) sequence was amplified by PCR and 
digested with Smal/ Sail (introduced in the PCR primers), and then ligated into Smal/ Sail-
digested pLUC869 to generate p5'UTR-LUC-TE869-(A)60. All other (A)w plasmids were 
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generated by the same strategy, but used Smal/Sall-digested (A)tt) fragment from p5'UTR-LUC-
TE869-(A)60 instead of the PCR product. 
Set II: The parent plasmid p5'UTR-LUC-TE869 (Guo et al., 2000) contains the T7 
promoter, viral 5' UTR, luciferase reporter gene (LUC) and the TE869 (BYDV bases 4809— 
5677) in the 3' UTR. To make the constructs, A5020-5410, A5212-5410, and A5009-5479, 
primer pairs with Ncol sites flanking the desired deletion were used to amplify p5'UTR-LUC-
TE869, digested with Ncol and religated. Deletions of TE869 were subcloned from plasmids 
PAVA5280-5426 (Paul et al., 2001), and related plasmids, PAVA5020-5280 and PAVA5025-
5635. 
Set III: The PAM sequence (bases 5010 to 5677) was removed from the parent plasmid 
p5'UTR-LUC-TE869 by digestion with PstI and Sma I, and ligated into pGEM-luc (Promega). 
Plasmids containing pVec50-LUC-Vec58-(A)w was generated by ligating the (A)60 fragment into 
StuI/ Sail-digested pGEM-luc. 
RNA preparation 
The RNAs were synthesized by in vitro transcription with T7 or SP6 polymerase using 
Megascript (for uncapped RNAs) or mMessage mMachine (for cappcd RNAs) kits (Ambion, 
Austin, Texas). Set I plasmids and pVec50-LUC-Vec58-(A)6O were linearized with Vspl giving 
the transcripts ending with the sequence: (A)60CGUUA, preceded by a vector-derived 58 nt 
3'UTR. Plasmids from sets II and III were linearized with Smal, giving transcripts containing the 
viral 5' UTR, LUC, and the TE869 (or mutant derivatives). RNA integrity was verified by 1% 
agarose gel electrophoresis. 
124 
In vitro translation 
Translation in wheat germ extracts was performed as in Wang et al. (1999). For 
competition assays, excess TEI05 was added in trans, with or without purified TEBPs. After a 
one-hour incubation at 25° C, 5p.l of the translation mix was assayed in 50|Xl luci(erase assay 
buffer (Promega) in a Turner Designs 20/20 luminometer. In RNA competition experiments, 
the RNAs were mixed with the competitor RNA prior to addition to the translation reaction. 
In vivo translation 
Two picomoles of RNA transcript were electroporated into 106 oat protoplasts as in 
Wang et al. (1997). Normalization for electroporation efficiency was accomplished by including 
0.2 pmol cap-renilla luciferase-A^ RNA in each sample.After 4 h, protoplasts were collected and 
lysed in 100 (J.L Passive Lysis buffer (Promega) by shaking 15 min at room temperature. Fifty 
microliters Luciferase Assay Reagent I (Promega) were mixed with 10 (J.L protoplast lysate 
supernatant and renilla luciferase activity measured. Immediately following r-luc quantitation, 50 
(4.1 Stop-and-Glo reagent (Promega) was added and firefly luciferase activity measured as 
described. 
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CHAPTER 6. GENERAL CONCLUSIONS 
To compete effectively for translation machinery, mRNAs must recruit ribosomes or 
associated initiation factors. RNA viruses that replicate in the cytoplasm have evolved elaborate 
mechanisms to compete effectively in a plethora of host mRNAs. To this end, BYDV has 
evolved a mechanism of cap-independent translation (Jackson & Kaminski, 1995; Sarnow, 
1995). Utilization of cap-independent translation may help the virus avoid cellular down-
regulation of cap-independent translation that often occurs under stressed conditions such as 
viral infection. Maintenance of an RNA genome is much more difficult than DNA due to the 
possibilities of errors during transcription and presence of cellular RNA degradation enzymes. 
Minimization of viral RNA genomes is extremely important for accurate and viable genomes. 
Despite the importance of small genome size, BYDV utilizes an incredible amount of non-
coding sequences to manage its gene expression. The coding sequences are densely organized; 
ORF 1+2 is translated by ribosomal frameshifting (from the genomic RNA, ORFs 3 and 4 
overlap, and ORF 5 is expressed as a readthrough of the ORF3 stop codon (Paul et al., 2001; 
Dinesh-Kumar and Miller, 1993; Di, 1993; Brown et al., 1996). Approximately 20% of the 
genome is non-coding and involved in regulation of replication and these recoding events (Koev 
and Miller, 2000; Wang and Miller, 1995, Mohan et al., 1995). This dissertation discusses the 
portions of these non-coding regions involved in cap-independent translation, how these 
sequences facilitate temporal regulation of the viral genome, and the interactions with cellular 
factors required to initiate translation. 
The 5* end of BYDV genomic RNA is unmodified 
Host mRNAs are capped co-transcriptionally in the nucleus, thus capped cytoplasmic 
viruses such as tricornaviridae and alphaviruses must encode their own methyltrans ferase 
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enzymes (Koonin & Dolja, 1993). BYDV does not encode a methyltransferase gene or appear to 
have other activity to cap its mRNA. A previous report showed that BYDV does not have a 
VPg linked at its 5* end (Shams-Bakhsh and Symons, 1997). The results presented in Chapter 2 
confirm this finding, and also show that the viral RNA lacks a 5' cap structure. Although 
previous research has demonstrated the presence of a 3'TE (Wang and Miller, 1995), it was still 
possible that the genomic RNA might be capped. The lack of a cap is significant, as the cap 
structure is required for efficient translation of cellular mRNAs (Sonenberg, 1996; Sachs et al., 
1997). The absence of a 5' cap on BYDV may be a mechanism by which the virus can avoid 
cap-mediated translational regulation. Furthermore, the presence of a cap inhibits viral 
replication, suggesting an unmodified 5' end is required by the viral replicase. The related 
Polerovirtis genus is similar in ORFs 3, 4, and 5, and is completely unrelated in its replicase genes. 
Poleroviruses contain a VPg required for initiation of RNA replication. It is significant that BYDV 
lacks a VPg and a cap, indicating that LjUeovirus replicases use a different mechanism from 
Poleroviruses to initiate RNA transcription. 
The role of translation regulatory sequences in the viral life cycle 
Early in a viral infection, viruses must integrate into the cell and begin transcribing and 
translating the viral genome before the host cell has a chance to mount a significant defense. 
Generally, the first stage of virus translation is expression of the viral RNA dependent RNA 
polymerase (RdRp). After many copies of the replicase have been made, gene expression needs 
to switch from translation of replication proteins, to replication of the viral genome. Finally, 
gene products such as coat protein, movement proteins, aphid transmission proteins, etc., must 
be expressed. Amplification of the viral genome and production of subgenomic length RNAs 
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can account for this expression profile, but does not explain down regulation of the replicase 
genes. 
Chapter 3 discusses a novel mechanism in which sgRNA2 plays an ancillary role in 
regulating this switch for BYDV. This RNA accumulates to a 20 to 40 fold molar excess over 
other viral RNAs, and can significantly inhibit translation in vitro at these levels (Kelly et al., 1994; 
Mohan et al., 1995; Koev et al., 1998). Translation of ORF6 is not required, because a mutation 
disrupting the ORF6 start codon had no effect on inhibition. The BF mutant version did not 
inhibit in trans when either uncapped (non-translatable) or capped (translatable). Although 
sgRNA2 can inhibit all translation, it preferentially inhibits translation from the genomic RNA 
compared to the subgenomic RNA1. In the proposed model of RNA mediated regulation of 
translation by sgRNA2, translation from sgRNAl is repressed less than genomic RNA when 
sgRNA2 accumulates to significant levels. Taken together with data from Chapter 5 showing 
that the 3'TE binds to eIF4E/iso4E, these data suggest that the functional TE titrates away 
initiation factors required for viral translation. These data help explain how a cis-enhancing 
element can be converted to a trans-inhibiting element that is potentially involved in regulating 
viral gene expression. This mechanism may also be utilized to inhibit host gene expression to 
further boost translation of viral genes. This hypothesis remains to be proven by in vivo 
experiments (Ruizhong Shen, unpublished data). 
Association of the subgenomic RINL41 S UTR with the TE 
In Chapter 3 data is presented showing that the 5'UTRs of gRNA and sgRNAl are 
responsible for the differential inhibition by sgRNA2. We hypothesize that the mechanism may 
be due to differences in their ability to communicate with the 3TE. The loop sequence in the 
genomic 5'UTR that interacts with the TE is located 104 bases from the 5' end. It would be 
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predicted that the upstream sequence would inhibit scanning and therefore initiation from this 
mRNA. A similar loop sequence was identified in the 5'UTR of sgRNAl, located only 11 bases 
from its 5'end. Presumably the close proximity to the 5'end would be a much more favorable 
location for initiation (Chapter 5). Initial experiments indicate that this sequence is responsible 
for TE mediated translation from sgRNAl. Possibly, it is simply the proximity of the sequence 
that interacts with the TE to the 5' end of the RNA that determines its ability to be translated 
under competitive conditions. Further experiments are required to verify this ability of the first 
loop of sgRNAl 5'UTR to base pair to the TE, and show that it is the proximity to the 5'UTR, 
not additional features of the 5'UTR, that are responsible for the ability of sgRNAl to out-
compete genomic RNA. 
The 3* translation element interacts with host translation initiation factors 
The primary focus of this dissertation has been to identify the host factors that make 
cap-independent translation possible. Reporter genes lacking any translated viral sequence 
translate very efficiently using the 3TE, therefore host factors must mediate ribosome 
recruitment. Using the TE as bait to purify interacting factors from wheat germ extracts 
identified a complex mixture of proteins. Two of these proteins also bound to the TEBF 
mutant, possibly due to non-specific RNA binding or more likely proteins that interact with 
structures in the TE not affected by the BF mutation. From previous work, we know that the 
BF mutation does not function in either the 5' or 3' end on the mRNA and therefore is defective 
in initiation, although these data do not rule out the possibility that it is also defective in 3' to 5' 
communication (Wang et al., 1995, Wang et al., 1997, Guo et al., 2000). Potentially these 
proteins that interact with both RNAs may be involved in communication or maintenance of 
RNA structures. It is likely a specific interaction as neither protein was bound by the 5'UTR or 
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the STNV TED. Three of the remaining proteins migrate at the same position on a gel as 
eIF4E, eIFiso4E, and eIFiso4G. One band is also present at the approximate position of 
eIF4G, although no recombinant protein or antibody is available to provide positive 
identification. 
The purified TE-binding proteins (TE-BP) were tested against antibodies to known 
initiation factors eIF4E, eIFiso4E, eIFiso4G, eIF4A, and eIF4B. As might be expected from the 
presence of bands in the proper position, antibodies detected eIF4E, iso4E, and iso4G from the 
TE-BP extracts, but not from the TEBF or 5'UTR extracts. These proteins were also identified 
in STNV TED-BP extracts as was predicted (K Browning, personal communication). In WGE, 
eIF4E/iso4E are present in a complex with eIF4G/iso4G as eIF4F/iso4F. As expected, both 
proteins were identified in the TEBP extracts. The remaining initiation factors 4A and 4B were 
only detected in the original WGE. To further evaluate which protein is directly binding to the 
TE, recombinant proteins were tested for binding to the TE and TEBF. Factors eIF4E and 
eIFiso4E bound to the TE, but not the TEBF, with an affinity of approximately 2xl0"7 M. The 
factor eIFiso4G bound non-specifically to both RNAs, suggesting that it is not the primary 
determinant for RNA binding. This result would be expected, as eIF4G contains an RNA 
recognition motif that can bind RNA (Imataka et al., 1998). 
The interaction between eIF4E and the TE is relatively weak, although at least as strong 
as that reported for cap-eIF4E (Carberry et al., 1991). In the yeast three-hybrid assay, I was 
unable to detect the direct interaction between eIF4E/iso4E and the TE, despite the fact that 
the TE-MS2 hybrid used was active and the interaction does occur in vitro (unpublished data). 
One possibility is that the binding of the TE-4E complex is enhanced by the presence of eIF4G. 
Two lines of evidence support this hypothesis; first eIF4F containing eIF4E interacts with cap 
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with about two logs stronger affinity than eIF4E alone (Haghighat and Sonenberg, 1997; von 
der Haar et al., 2000). Second, the STNV TED also binds with about two logs higher affinity to 
eIF4F than to eIF4E (K Browning, unpublished data). From this data, it is possible that the 
presence of eIF4G enhances the specific binding of eIF4E to the TE in a similar manner, 
allowing it to compete for these translation factors. 
BYDV and STNV are not the only plant viruses that bind to eIF4E through non-
canonical interactions. The potyviruses TuMV and TEV interact with eIF4E, albeit via the VPg 
rather than a 3' RNA sequence (Schaad et al., 2000; Leonard et al, 2000). The potyviruses have a 
very efficient 5'UTR that permits cap-independent translation, thus it is not clear to what 
purpose the VPg-4E interaction serves (Carrington and Freed, 1990; Gallic et al., 1995). De 
Gregorio et al. (2001, 1999) have found that by tethering either eIF4E or eIF4G to an mRNA 
through an artificially engineered interaction, translation of the mRNA could be enhanced cap-
independently. In any case, it seems that the tethering of initiation factors to an mRNA will 
facilitate translation, either via the cap structure or by other protein-protein or protein-RNA 
interactions that bring initiation factors to the mRNA. In mammals, the primary target of 1RES 
elements appears to be eIF4G; in plants the primary target may very likely be eIF4E. 
Targeting of initiation factors for translational regulation of viral RNAs may also have 
additional advantages. Initiation factor eIF4E is the rate-limiting factor for translation initiation 
in plants (Sonenberg, 1996; Rau et al 1996). The isoform eIFiso4E is present at approximately 10 
fold higher levels in plants, although cellular mRNAs may have a preference for eIF4E (K 
Browning, unpublished data). An mRNA that has a littie preference for one form of 4E over 
the other, or a reduced requirement for eIF4E could have a translational advantage. Previously it 
was reported that translation initiation mediated by both the 3TE and the STNV 3TED have a 
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reduced dependence on eIF4F (Wang et al., 1997; Timmer et al., 1993). The data presented in 
Chapter 5 show that interaction with eIF4E/iso4E is required for translation mediated by the 
3TE. These apparently contradictory data could be explained by an increased affinity of 
eIF4F/iso4F for the 3TE. Under stressed conditions, translation of capped cellular mRNAs is 
often shut down by dephosphorylation of eIF4E (Sonenberg, 1998), or by the virus itself 
(Pestova et al., 1996). The cap-binding cleft of eIF4E is very specific, making it likely that the 
3TE and other 4E interacting elements bind non-competitively with other sites on 
eIF4E/iso4E. These binding sites may not be affected by the phosphorylation state of 
eIF4E/iso4E, thereby allowing translation of viral RNAs. Further research comparing the 
binding sites of translation elements on 4E/iso4E to its crystal structure should help answer this 
question. 
Viral sequence downstream of the 3'TE functions analogous to a poly (A) tail 
The sequence downstream of the TE, bases 4919 to 5677, and the five bases 
immediately preceding the 3'TE, bases 4809 to 4813, have important functions in translation in 
vivo (Guo et al., 2000), recoding (Paul et al., 2001), and replication (Koev and Miller, 2000). The 
role(s) of this sequence in regulation of translation is unknown. Cellular mRNAs have been 
removed from wheat germ extracts, therefore translation occurs in a non-competitive 
environment. In a plant cell, BYDV must translate competitively against cellular mRNAs, 
potentially explaining the need for additional BYDV 3'UTR sequence. Two possibilities exist: 
the additional sequence may stabilize the RNA; or, it may provide enhancement of translation 
required in vivo but not in vitro. 
In wheat germ extracts translation is poly (A) tail-independent, requiring only a 5* cap for 
efficient translation. The second hypothesis infers that the additional viral sequence mimics the 
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requirement for a poly (A) tail in vivo. The poly (A) tail plays a crucial role in translation initiation 
and RNA stability in plant cells (Gallic, 1991; Hentze, 1997; Sachs et al., 1997; Preiss & Hentze, 
1998). The 3'TE is analogous to a cap because it can recruit eIF4E, and can be replaced by a 5' 
cap. Because BYDV RNA is not polyadenylated, and translation in vivo requires a poly (A) tail, 
the corollary to the "cap-mimic" (3'TE) would be a "poly (A) tail mimic" (PAM), used to 
describe the additional sequence requirement in vivo. Perhaps this is an oversimplification, 
because neither the TE nor the PAM can be fully replaced by its cellular counterpart. A 
significant level of translation in vivo can be restored by substitution of the viral sequences 
downstream of the TE with a 60nt poly (A) tract (Guo et al., 2000). Furthermore, the sequence 
between nts 5010 and 5677 function fully to restore translation in conjunction with a 5' cap. 
This result clearly shows that the BYDV sequence between nts 5010 and 5677 not only 
reconstitutes poly (A) tail dependent translation, but also is an independent element from the 
3'TE. Thinking along the lines of the evolution of viruses, it makes sense that the translation 
elements in BYDV would be modular and independent in design. In this way, it can be much 
more readily explained how each element would evolve, and could be swapped between related 
viruses. The modular relationship between luteoviruses, poleroviruses, sobemoviruses, and diantboviruses 
lends credence to this hypothesis (Miller et al., 1997). 
Other viral elements have been found that can substitute for a poly (A) tail. TMV 
contains a pseudoknot-rich domain in its 3'UTR that functionally replaces the requirement for a 
poly (A) tail (Leathers et al., 1993). In conjunction with the 5' cap, it synergistically stimulates 
translation of mRNAs (Gallic, 1991). The 3' UTR of alfalfa mosaic virus RNA 4 contains yet 
another different element that enhances cap-dependent translation (Hann et al., 1997). It is 
unlikely that the BYDV PAM is due to random sequence because the replacement with a 60nt 
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poly (A) tail or a 515nt vector derived sequence can only restore approximately 25% activity. In 
animal cells, random 3'UTRs of over 150nt could substitute for the translation activity of a poly 
(A) tail (Tanguay and Gallic, 1996). The results in Chapter 5 do not confirm this in plant cells -
vector derived sequences only enhance translation to 2% of the polyadenylated control. 
Further identification of specific elements in the PAM responsible for its activity proved 
much more complex than initially anticipated. Sequence between bases 5010 to 5320 stimulates 
cap-dependent translation to 75% of the full-length sequence, suggesting that this region might 
contain the core element. Furthermore, truncation to base 5320 in the full-length in vivo 
luciferase reporter (5'UTR-luc-3'UTR48,N.5677) decreased translation to 80%, whereas truncation to 
base 5010 decreased translation to 7%. Taken together, these data show that an important 
element for the PAM exists between nts 5010 and 5320. Surprisingly, deletion of this region by 
itself had no effect on activity. Using a large set of deletions in the 3'UTR, the following 
conclusions can be drawn. Bases 4809 to 4813 and bases 4919 to 5010 are necessary but not 
sufficient for function of the TE and PAM independent of a cap and poly (A) tail. Two 
enhancer elements exist, one between bases 5010 to 5280, and one between bases 5432 to 5677. 
The presence of either element alone is sufficient for PAM activity. An inhibitory element exists 
between bases 5320 and 5432, and the effect of this element is overcome by the presence of the 
enhancer located between bases 5432 to 5677. Deletion of the terminal enhancer without 
removal of the inhibitor drastically decreases the ability of the first enhancer to function. 
Why so many numerous and complex elements? This brings me back to the point made 
in the introduction - nature doesn't always design things in the simplest way possible. Complex 
elements such as this that contain both positive and negative regulatory sequences have been 
reported in BMV (Noueiry et al., 2000) and in reovirus (Mochow-Grundy and Dermody, 2001). 
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Several viral functions depend on sequences in the 3'UTR, overlapping of each of these elements 
complicates analysis of this region. Characterization of each element and its interacting partners 
will help simplify all of the 3'UTR elements, and may even shed light on new mechanisms. It is 
still unknown what the function, if any, of the ORF6 product so highly expressed in vitro. 
Ultimately, it will be very important to understand how the PAM sequence assists the 3'TE in 
recruiting translation factors in the milieu of mRNAs in a plant cell. 
The importance of mRNA circularization 
In vitro, RNAs are translated in a non-competitive environment, with excess ribosomes 
and initiation factors. In this case, an mRNA need only recruit initiation factors (or the 
ribosome itself) to initiate translation - as factors are in excess and the affinity of these 
interactions are not limiting initiation. From the data presented in this dissertation, we update 
the proposed model for expression mediated by the BYDV translation element. Based on the 
closed loop model (Jacobson, 1996; Sachs et al 1997; Gallic 1998), I envision that translation 
factors are recruited to the TEI05 in the 3'UTR via a direct interaction with eIF4E/iso4E. The 
TE1ii5 binds direcdy to translation factor eIF4E/iso4E, and this interaction correlates with TEl05 
function (Chapter 4). The TE105 also directly base pairs with the 5'UTR, and this binding is 
required for translation (Guo et al., 2001). In the current model, the initiation complex is 
delivered to the 5'UTR by the base-pairing interaction, where eIF4G/iso4G recruits ribosomes 
competent for scanning and initiation at the first start codon. Although capped mRNA need 
not be circularized in vitro for efficient translation owing to excess factors, BYDV would be 
circularized according to this model, and competent to recruit ribosomes through interactions 
with canonical initiation factors. Although we have demonstrated that the 5' to 3' interaction 
can occur in the absence of protein factors, it is very possible that the additional proteins 
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identified in Chapter 4 that bind specifically to both the TE and TEBF will assist in stabilizing 
the base-pairing. Any TE interacting factor that binds to mutants defective in eIF4E 
recruitment, but not in base pairing as the TEBF mutant, are likely to be good candidates for 
this function. 
In vivo, additional interactions are required for host mRNAs, as signified by the absolute 
requirement for a poly (A) tail and circularization of the mRNA. In concordance, BYDV also 
has additional sequence requirements in vivo corresponding to sgRNA2. As might be expected if 
the TE105 functions similarly to a cap in recruiting eIF4E/iso4E, the functions of this additional 
sequence can at least in part be replaced by a poly(A) tail (Chapter 5). Thus, we have dubbed the 
sequence downstream of the TE105 the poly(A) mimic (PAM), corresponding to bases 5010 to 
5677 (Chapter 5). In reciprocal, the TE105 can be replaced by a cap, and function with the PAM, 
showing each function is interchangeable. The in vivo model invokes additional interactions 
between unidentified factors and the PAM that may be involved in regulating RNA stability or 
increasing the affinity of initiation factors to the mRNA. In addition, there may exist further 
base-pairing or other protein mediated interactions between the 5'UTR and the PAM. In vivo I 
have not been able to demonstrate changes in functional RNA stability, suggesting that the 
primary function of the PAM is in translation and not stability. 
The question remains, why are additional interactions required in vivo when the RNA is 
apparently circularized in vitro? Our assumption is that the PAM either increases the affinity of 
the interactions with translation factors as do the interactions when both cap and poly(A) are 
bound by the eIF4F/PABP complex, or further interactions between yet unidentified factors 
assist in recruiting ribosomes under competitive conditions. 
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There are a few problems with this model that need to be addressed by further research. 
Chimeric constructs with unrelated 5'UTRs (CYDV, Appendix D; TNV, H. van Eldik personal 
communication) also stimulate translation in vitro. If the base-pairing mechanism were the only 
process by which translation could occur, these constructs should not be translatable. The 
BYDV 5'UTR alone is likely a very poor leader because it is highly structured. It is possible that 
very good leaders (in the case of CYDV) or less structured leaders (TNV) may promote 
translation in vitro without base-pairing to deliver initiation factors direcdy to the 5'end of the 
mRNA. Future research in our lab will help answer this question by testing further chimeras in 
vivo to assess the relationship between base pairing, leader structure, and initiation. 
I believe there are fundamental implications of this research for others studying 
translation in both cap and poly(A) dependent and cap and/or poly(A) independent research. It 
is quite fascinating that despite the lack of a cap, BYDV has evolved mechanisms to utilize the 
existing ribosomal recruitment machinery and circularize its mRNA. The requirement for 
circularized mRNA appears to be universal. The animal viruses containing IRESes are the 
primary example of translation elements not requiring circularization. The activity of these 
IRESes is generally low and this activity can be stimulated when additional downstream elements 
are added. Picornaviruses are not capped, but are still polyadenyated. Alone, the 1RES 
stimulates translation 20 to 40 fold. Addition of a poly(A) tail further stimulates translation 3 to 
10 fold in a PABP dependent manner (Michel et al., 2001). The 3' X region of the uncapped, 
non-polyadenylated HCV contributes to a five fold stimulation of translation (Ito et al., 1998). 
Similar to the potentially inhibitory sequences located in the BYDV PAM (Chapter 5), HCV 
contains inhibitory regions downstream of the X region that may provide for additional 
translational control (Murakami et al, 2001). In each of these 1RES elements, circularization 
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provides significant additional stimulation of translation. During infection of picornaviruses, 
eIF4G is cleaved to remove its eIF4E and PABP binding sites. This cleavage causes the loss of 
the poly(A)-mediated enhancement of translation, but also decreases the translation of host 
mRNAs thereby providing free translation machinery for 1RES driven translation. The poly(A) 
tail likely allows picornaviruses to translate well in the competitive environment initially, and this 
mechanism is jettisoned in favor of 1RES driven translation when host translation is repressed. 
Whether an mRNA is capped, polyadenylated, contains 5' or 3' control elements, it 
seems that the ends of the mRNA need to be brought into close proximity for translation 
initiation to be an efficient process. Data from capped and polyadenylated mRNA suggest that 
circularization does not lead to reinitiation of a particular ribosome, but makes an mRNA more 
competent for translation by increasing its affinity for translation factors. It is also very likely 
that the interactions between proteins and the ends of an mRNA protect it from nucleases that 
would rapidly degrade RNA lacking a cap or poly(A) tail. Which of these mechanisms is the 
most prevalent for each type of mRNA remains yet to be understood, or if it is a combination of 
all the above. Future design of virus based vectors for expressing genes in plants must be 
designed based on the circularization rules for the gene of interest to be highly expressed. This 
research should be very important to understanding how translation is controlled in cells and its 
role in regulating plant development and gene regulation in response to both biotic and abiotic 
stress. 
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A p p e n d i c e s  
APPENDIX A. EXPRESSION OF TE CONTAINING mRNAS IN 
NON-HOST SYSTEMS 
Introduction 
Major disadvantages to working with wheat and oats as a model system are the intractably 
large genome and lack of sequencing data. To circumvent these problems, we wished to utilize 
simpler eukaryotic model systems to assist in dissecting the functions of BYDV translation 
elements. The two primary systems available at this time are yeast (Saccbarontyces cereviseae) and 
thale cress (.Arabidopsis thaliand). The genomes of both are publicly available. Yeast is particularly 
attractive as it grows rapidly, it is simple to create heritable genetic changes, and expression 
vectors are readily available. Premade cDNA libraries and microarrays are now commercially 
available for Arabidopsis. If the TE functions normally in either system these libraries may be 
very useful for screening of TE interacting factors. 
To test the TE in yeast, two methods were used. I obtained the "Yeast translation 
extracts made easy" protocol from Salvador Tarun and Alan Sachs (Tarun and Sachs, 1995). 
After many attempts, and a few conversations with Dr. Tarun to troubleshoot, I was not able to 
produce extracts with a high enough concentration to be a useful in vitro translation system. I later 
learned that very few labs were able to replicate useful extracts using this method and have since 
made major changes to the protocol, including grinding the yeast in liquid nitrogen as pellets. I 
tried many methods to lyse the cells, including a Bead Beater and shaking as recommended with 
various sizes of glass beads. After these attempts, I decided to use the much simpler yeast 
spheroplast translation system. The cells need to be prepared fresh each time, but only the cell 
wall needs to be removed and the reporter mRNA electroporated into the cell. This method has 
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the advantage over the extracts in that it is an in vivo system and will more closely replicate 
translation in a whole cell environment. Arabidopsis cells can be prepared according to very 
similar protocols used in the Miller lab for preparation of oat protoplasts. 
Results 
RNAs containing the BYDV 5' and 3'UTRs flanking the firefly luciferase gene were 
electroporated into yeast spheroplasts, and luciferase activity measured. Several constructs were 
used containing the 869nt viral 3'UTR, with varying amounts of upstream sequence previously 
found to serve only ancillary function in vivo (Wang et al, 1999). All RNAs were tested with and 
without the presence of a 5' cap or 60nt-poly (A) tail. The results of these experiments are 
summarized in Table 1. Translation in yeast cells was unfortunately considerably different that 
what has been observed in plant cells. In general, translation of RNAs containing a functional TE 
was stimulated by addition of a cap, but to a slightly lesser extent than TEBF RNAs, suggesting a 
very slight function of the TE in yeast. In contrast, addition of a poly (A) tail to the same RNAs 
had no effect, and may in fact inhibit translation slightly. Incorporation of both a cap and poly 
(A) tail provided no translation benefit over capped, non-poly (A) RNA. The single exception 
was 5'UTR-fluc-3'UTR869, which translated well with both a cap and poly (A) tail. 
The results of translation of reporter RNAs in Arabidopsis are presented in Table 2. 
Luciferase assays of the same RNAs translated in oat protoplasts are also shown for reference. 
Translation of reporter genes lacking viral sequence showed the predicted synergy between a 5' 
cap and poly (A)<% tail. The in vivo viral reporter, 5'UTR-fluc-3'UTR%„, translates only 20 to 25% 
as well in Arabidopsis as it does in oats. Although this is a significant decrease over the normal 
function, it is notable that this level is still nearly 250 fold above an RNA lacking viral sequence. 
Similarly, with the in vitro defined 3TE and a poly (A) tail, translation was approximately 20% of 
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Stimulation by Synergy 
5' Cap 3Toly(A)m 
S'UTR-luc-3'UTR family 29 .7 .8 
5'UTR-luc-3'BF family 47 .9 1.3(19) 
Table 1. Cap and Poly(A) synergy of viral reporters in yeast spheroplasts. Synergy is reported as the 
fold increase above the additive effects of a cap or poly(A) tail individually. Reported results are the 
average of each class of RNAs, repeated at least in triplicate assays. Fold increases are derived from 
comparisons to the uncapped, non-poly (A)# RNAs. In parentheses are the results from 5'UTR-fluc-
3'UTR^. 5'UTR corresponds to nt 1 to 143, 3'UTR contains as least sequence from 4809 to 5677 
(including the 3TE) with varying amounts of upstream viral sequence. 
Arabidopsis Oat 
flue 0.1 0.0 
cap-fluc 10.7 9.7 
fluc-Aft,, 0.2 0.0 
c-fluc-Aw 100.0 100.0 
S'UTR-fluc-S'UTRjy.o 24.8 114.9 
5,UTR-fluc-BF3'UTRsz,„ 1.1 1.1 
5'UTR-fluc-3'TE1ns-Am 11.1 50.7 
5'UTR-fluc-3TEBF,ns-Am 1.1 1.3 
5'TEms-fluc-Am 16.2 16.5 
5TEBF,n5-fluc-Afl0 1.3 0.6 
Table 2. Luciferase activity of viral reporter mRNAs in Arabidopsis and oat protoplasts. In 
each case, translation of cap-flue-A^ was set to 100% to allow direct comparisons between 
systems. 5'UTR corresponds to nt 1 to 143 of the BYDV genomic RNA, the S'UTR## 
corresponds to nt 4809 to 5677. 
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that in oat cells. RNAs with the BF mutation translated at near background levels, showing that 
enhancement is due to TE function. When the TE was placed in the 5'UTR in conjunction with 
a poly (A) tail, RNAs translated equally well in both oats and Arabidopsis cells (5'TE,^-fluc-A%,). 
This data suggests that the TE can function in Arabidopsis, but there is impairment to the 
communication function between the UTRs when the TE is located in the 3* end. 
Discussion 
From the experiments done in yeast protoplasts, it appears that the TE does not function, 
or works very poorly. Yeast cells, similar to plant cells, show a large synergy between 5' cap and 3' 
poly (A) tail (Gallic, 1991;Tarun and Sachs, 1995). It was quite surprising to find the lack of cap 
and poly A) synergy in our RNA reporters, in fact no stimulation was seen with a poly (A) tail, 
and its inclusion alleviated the benefit of adding a 5' cap. These data suggest that inclusion of the 
poly (A) tail mimic (PAM) sequence (Guo et al., 2000) downstream of the TE in yeast, in 
combination with a 60nt poly (A) tail, acts to suppress translation. Further proof of this 
phenomenon is required before definitive conclusions can be drawn. Translation of RNAs 
containing no TE sequence and a more defined PAM should help answer these questions. 
The BYDV translation element functions in Arabidopsis, although not to the extent that 
it does in the oat system. Unlike in oats where TE containing mRNAs translate equally well to 
capped polyadenylated mRNAs, in Arabidopsis the same mRNAs translate relatively poorly, yet 
significantly above mRNAs without viral sequence. It is most intriguing that the 5'TE functions 
equally well in both systems. Although it has been shown that the interaction between viral UTRs 
can occur in the absence of protein (Guo et al, 2001), these results suggest that an oat specific 
factor is required for efficient cap-independent translation when mediated by a 3TE. The cap-
binding proteins of Arabidopsis are more closely related to each other than to cap-binding 
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proteins from other plants (Dr. Jim Carrington, personal communication). Because the cap-
binding proteins are required to bind to the TE for it to function, the evolutionary differences 
between proteins in Arabidopsis and those in oats may help to explain these data. It would be 
quite interesting to transform Arabidopsis with the oat isoforms of the cap-binding protein to 
evaluate the effect on cap-independent translation mediated by the 3'TE. 
The results from Arabidopsis protoplasts also suggest that the negative results obtained in 
yeast spheroplasts may be due to improper constructs tested. mRNAs with a 5'TE, or 
combinations of TE, PAM, cap, and poly(A) tail may be found that function in yeast in the 
"proper" context. If this hypothesis is true, yeast may yet become a valuable system to test for 
plant initiation factors involved in translation by expressing oat proteins in yeast and evaluating 
their effect on TE mediated translation. 
Methods 
Plasmtd and RN/4 preparation 
Plasmids containing the firefly luciferase gene and a poly(A)60 tail are as described in Guo 
et al. (2000). Plasmids were digested with either Smal or Vspl (for poly(A)C0). RNAs were 
transcribed using Megascript (uncapped RNAs) or mMessage mMachine (capped RNAs) kits 
(Ambion). Viral reporters were transcribed using T7 polymerase, while luciferase only reporters 
were transcribed using SP6 polymerase. RNA concentration was determined by 
spectrophotometry on a GeneQuant machine (Pharmacia), and integrity and quantitation verified 
on 0.8% agarose gels. 
Preparation ofjeast spheroplasts 
Yeast strain YAS1874 lacking the LA virus (Reed Wickner) were grown in 50-ml cultures 
at 25°C overnight to mid-log phase. Cells were pelleted by a 5-min, 3000RPM spin in 4°C SS34 
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rotor. Pelleted cells were resuspended in 5 ml buffer A (50 mM Tris pH 7.5, 1 mM MgCU, 30 
mM Dl'l , 15 mM P-mercaptoethanol, 1 M Sorbitol). Cells were transferred to petri dishes and 
zymolyase (50 mg/ml in 10% sucrose) was added to a final concentration of 20 |lg/ml, followed 
by a 30-minute incubation at 30°C. Spheroplasts were harvested by a 5 min, 2500 RPM spin in 
4°C SS34 rotor, and washed twice in 50 ml buffer A. Spheroplasts were then resuspended in 1ml 
buffer A plus 10ml YPD containing 1M sorbitol and allowed to recover for 90 minutes at 37°C 
with gentle shaking. Recovered cells were washed twice in 5ml sterile 1M sorbitol, and 
resuspended to a concentration of lxl08/ml (OD600=20). One microgram of RNA was 
electroporated into 180 (J.1 yeast spheroplasts in a BTX Electrosquareporator at 500V, 10ms, 1 
pulse. Following electroporarion, 0.5 ml YPD containing 1M sorbitol was added to the cells, add 
incubated at 30°C for 2 hours. Following incubation, 250fil lysis buffer (25mM Tricine, 15 mM 
MgCl2, 7 mM P-mercaptoethanol) was added, and cells lysed by sonication. Luciferase activity of 
10|Al extract was analyzed in 50(4.1 luciferase reagent (Promega) in a Turner Designs 20/20 
Luminometer. 
Preparation of Arabidopsis protoplasts 
Arabidopsis protoplasts were prepared essentially as in Wang et al (1999). Forty milliliters 
of a one-week-old cell culture were allowed to settle, and resuspended in ASW (artificial sea 
water) containing 0.5g cellulase and 0.125g macerase, and digested overnight with shaking at 40 
RPM. Protoplasts were washed in ASW, resuspended in electroporarion buffer, and 2 pmol RNA 
electroporated in BTX Electrosquareporator set to 6 milliseconds and 300 volts. Luciferase 
activity was measured in Turner designs TD20/20 luminometer. 
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APPENDIX B - EVIDENCE FOR TERTIARY STRUCTURE CHANGES IN THE TE 
It is quite intriguing that although the BamHI^ mutation in the TE completely abolishes 
its function, the secondary structure of the RNA is nearly identical to that of the wildtype TE 
(Guo et al., 2000). Evidence from RNA staining on SDS-PAGE following protein purification 
(see Chapter 4) began to suggest that the tertiary structure of the TEBF was in fact different from 
that of the TE. Initially, it was not clear if this was an artifact of separating RNA in a system 
designed for proteins, or a true phenomenon. To test this hypothesis, the TE and TEBF were 
compared under non-denaturing conditions on SDS-acrylamide and agarose gels. The results 
were quite striking (Figure 1A and B). When denatured, the TE and TEBF appear as a single 
band and migrated at the same rate (Figure IB, compare lanes 4 and 5 or 7 and 8). Under native 
conditions, the TE migrated as a single, fast moving species nearly equivalent to the denatured TE 
(figure 1A, lane 1; figure IB, lane 1). In contrast, TEBF migrated as two species, one at 
approximately the same position as TE and one slower migrating species (figure I A, lane 2; figure 
IB, lane 2). From these data we conclude that at least a portion of the TEBF RNA population is 
mis-folded and may help explain the loss of TE activity in this mutant. Incubation of both TE 
and TEBF together show additional bands (figure I A, lane 3; figure IB, lane 3), suggesting that 
TEBF not only mis folds but induces mis folding of wildtype TE. We observed that high 
concentrations of TEBF inhibit translation (Wang et al., 1999). It is possible that a small portion 
of the TEBF RNA can participate in binding translation factors at a low level. Thermal 
denaturation kinetics of the TE and TEBF also show differences between these molecules (W. 
Allen Miller, personal communication). Further research using NMR or x-ray crystallography to 
look directly at the structural changes in the TE and its mutants would address these questions. 
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Figure 1. Evaluation of TE tertiary structure changes. A. SDS-polyacrylamide electrophoresis 
(10%) of TE and TEBF RNAs. All RNAs were heated to 70°C, and slow cooled to room 
temperature before loading on the gel. Lanes 1 and 2 contain an equal loading of TE and TEBF, 
respectively. Lane 3 contains an equal amount of both TE and TEBF RNA. B. Agarose gel 
electrophoresis (1%) of TE and TEBF RNAs under both non-denaturing (lanes 1 to 3) or 
denaturing (lanes 4 to 9) conditions. Denaturing agent is indicated above the lanes. Each lane 
contains an equal loading of RNA as determined by spectrophotometry. Lanes 1, 4, and 7 
contain TE, lanes 2, 5, and 8 contain TEBF. Lanes 3, 6, and 9 contain both TE and TEBF RNA. 
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APPENDIX C - DETAILED PROTOCOLS 
Biotinylation of RNA 3* end 
(adapted from von Ahsen and Noller, 1995, Science 267:234) 
1) Dissolve potassium periodate, Sigma P-0517, to a concentration of 20mM. (Sodium 
periodate, Sigma S-1878 is more soluble in water, probably a better agent for oxidization step. 
I use lOOmM stock of NaI03 (final concentration of 50mM. Use fresh reagent every time.). 
Add to equal volume of RNA (3 nmol), to a final concentration of lOmM KI04, in a target 
volume of 100 |ll. Incubate at room temperature in the dark for 1 hour (dark is very 
important). 
Note: I have found that I get some extra length products when using pTE linearized with Smal. 
I now use PCR amplified TE fragments, to ensure that no RNA will be longer than the TE 
alone. This gives excellent yield, and leaves no question that the RNA of interest is the only 
one present in the reaction. 
2) Add equal volume of 50% ethylene glycol to destroy remaining periodate (should be 100(4.1). 
Incubate 15 min at room temperature in the dark. Precipitate oxidized RNA in ethanol. You 
will get a large pellet, be sure to wash with 70% ethanol to remove residual salts. 
3) Redissolve RNA completely in 80|ll water. Dissolve biotin amidocaproyl hydrazide, Sigma B-
3770, in DMSO (solubility is 25mg/ml). Add 20|ll biotin hydrazide solution to RNA to get a 
final concentration of lOmM. I use a stock of 50mM biotin amidocaproyl hydrazide. 
Incubate 2 hours at 37°C. 
4) Make fresh solution of 0.2M sodium borohydride, Sigma S-9125. Add 100|ll immediately 
after preparation to RNA, with 200^1 1M Tris-HCl, pH 8.2. Incubate 30 minutes on ice in 
the dark. 
152 
5) Optional: Precipitate RNA with ethanol. Redissolve in suitable volume (60JJ.I). 
6) Purify RNA on G-50 spin column to remove unincorporated biotin. I used BioRad Micro 
Bio-Spin P-30 column. RNA must be purified on a sephadex column to remove 
unincorporated biotin. 
Purification of RNA-protein complexes 
1) Magnetic beads (Promega) conjugated to streptavidin, were washed three times in 0.5X SSC. 
Add biotinylated RNA in 0.5X SSC to beads; incubate 10 minutes at room temperature. 
2) Capture beads using magnetic stand, wash four times in 0.1 X SSC. 
3) Add 50(1.1 wheat germ extract and 50 (il 2X binding buffer. Incubate 10 minutes at room 
temperature. Wash 3 times in 2X binding buffer plus tRNA and poly d(IQ. 
4) Elute bound protein by heating to 95°C in IX SOS-PAGE loading buffer for 5 minutes. 
5) Load sample on 10% SOS-PAGE gel, run at 30 mA for 8 hours. 
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RNA preparation by in vitro transcription 
The following protocols have been useful to me for preparation of high quality RNA for 
both in vitro and in vivo translation reactions. I want to make it clear that the notations that I 
have added to the following protocols have often been empirically determined — these are 
alterations that have worked well for me to obtain useful and accurate data in a consistent 
manner. Hopefully they will provide a starting point for future optimization in other 
circumstances. 
Template preparation 
In my experience, the critical step when little to no RNA is transcribed traces back to 
template preparation. It is absolutely necessary that the starting template be of high quality, 
RNAse free, and completely linearized. Poor quality or contaminated template invariably leads to 
poor RNA or multiple products. Most commonly we utilize restriction enzyme linearized plasmid 
templates for transcription. Enzymes leaving 3' overhangs should be avoided as they may lead to 
improper termination. Treatment of these templates with Klenoxv to blunt the ends has been 
useful when using enzymes such as Pvul and Pstl. I recommend digestion of at least 5 (lg DNA, 
utilizing a 2-3 fold excess enzyme over the manufacturers recommendation. 
PGR products with an appropriate promoter (T7, T3, SP6) can also be used, but must also 
be very pure. I have found PGR templates useful when unexpected additional RNA bands are 
present after transcription. By digesting the PGR template with Dpnl (cuts methylated DNA 
only), the original plasmid DNA used for PGR can be removed, and only the desired PGR 
template left for transcription. 
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Transcription reactions 
I have found the MEGAscript™ and mMessage mMachine™ kits from Ambion to be 
the most reliable and produce the highest yields of most commercial kits. Promega and Epicentre 
also produce transcription kits that have yielded adequate results in our lab. The protocol for 
both reactions is provided with the kit, as well as all required additional information. Generally, I 
perform 40(11 total volume reactions, with the addition of 0.5 to l|il RNAasin to each reaction. 
For transcripts longer than 300nt, lithium chloride can be used for precipitation without removal 
of the DNA template. For shorter transcripts, I recommend DNAsel treatment following 
transcription, followed by phenol/chloroform extraction and ethanol precipitation. Assuming the 
starting template is of high quality, the failure rate of in vitro transcription should be less than 
10%. 
Quantification of transcripts 
For accurate functional assays comparing translation between transcripts, it is imperative 
that exactly the same amount of transcript be used in each reaction. I often go through several 
iterations of my quantitation procedure just to make sure things are even. Be sure to give your 
RNA adequate time to dissolve, an hour on ice can often help ensure that your readings will 
reflect what is actually in the tube! Following resuspension in nuclease free water, I assay the 
concentration of 2(ll transcript in a spectrophotometer (GeneQuant, Pharmacia), in a total 
volume of 100|ll. To obtain accurate results with the GeneQuant machine, I check the 
absorbance of my blank standard (nuclease free water) after zeroing the blank. It should be less 
than ±0.002, if not the blanking procedure is repeated until the blank reads correctly. One 
dilution of each sample is read twice — again each reading should be nearly equal. If not either 
redilute or read the sample until you get two consistent readings. Purity of good RNAs are above 
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90%. Samples chat give a low purity reading are usually contaminated and the concentration 
reading obtained will be incorrect. If all reactions receive similar amounts of template, the 
product of each reaction will be about the same, assuming similarly sized RNAs. Transcripts that 
are low in concentration or show a very low purity (less than 70 to 80% or an A^/^so ratio very 
different from 2.0) should be discarded and remade. 
Following quantitation, all RNAs are brought to approximately the same concentration by 
diluting with nuclease free water (2.0 pmol is convenient for most translation assays). A dilution 
of 0.5 to 1.0 |lg in a denaturing RNA loading buffer is heated to 65°C for two to five minutes. 
The heating step melts out secondary structure, and the buffer stabilizes the RNA in the 
unstructured conformation. This is important to get good resolution of the RNA on an agarose 
gel. All samples are promptly loaded on an agarose gel of the appropriate concentration for the 
size range of the RNA. I always include a standard sample that I am sure of the concentration 
(that is also used as the standard in translation assays) as a control. After resolving the RNA 
bands, the intensity of each RNA should be equal. If not, the entire procedure beginning with the 
GeneQuant must be repeated until all samples are equal. 
Translation assays using firefly luciferase reporter activity 
Our lab uses both in vitro and in vivo assays to determine the translation of a reporter 
mRNA. Wheat germ extracts (WGE) are the plant in vitro assay of choice. It is commercially 
available (Promega, as well as others), and is rapid and consistent. Translation is highly cap-
dependent. For in vivo assays we most commonly use oat protoplasts. The methodology 
following protoplasting has been tested for Arabadopsis, maize, and tobacco protoplasts and is 
efficient for all. For maximum expression, it is required that the electroporarion conditions 
reported here for oats be optimized for the plant cell of choice. Translation in vivo is both cap 
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and poly(A) tail dependent. Both assays have utility — the relative ease of use of the WGE allow 
rapid tests of cap dependence on translation, and can also be used to analyze stability. Protoplasts 
much more closely represent actual conditions in the plant cell, and must be used to confirm 
results obtained in WGE. Due to the removal of cellular mRNAs, ribosome are far in excess in 
WGE compared to protoplasts. In addition, factors and RNAs absent in WGE are present in 
protoplasts, therefore mRNAs may show a different expression or halflife when comparing 
between systems. The halflife of firefly luciferase is greater than 20 hours (D. Gallic, unpublished 
data), therefore this should not be an important variable for most transient expression assays. 
In vitro translation 
For WGE translations, deviations between replicates are far less than with in vivo 
systems. It has been adequate to achieve accurate data using one blank reaction (negative control, 
water only), and duplicates of each experimental reaction including the positive control. We 
purchase our WGE from Promega. The reaction is as follows. 
1. RNA 0.2 pmol 
KCl 1.5 |J.l salt must be optimized for each situation! 
Amino acids 2.0 |ll use a 1:1 mix of mixes lacking one aa each 
RNAasin 0.5 (il 
WGE 12.5 |ll 
ddH20 to 25 |ll 
Note: reaction can be reduced to 15 fll total volume by decreasing all constituents without 
affecting results. 25 gl is recommended by Promega for optimal results. To visualize proteins on 
SDS-PAGE, substitute ljLll amino acids minus methionine plus lfJ.1 33S methionine for amino 
acids. 
2. Mix, incubate at 25°C for one hour. 
3. Read luciferase activity direcdy. 
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In vivo translation — Oat protoplasts 
Experimental Design 
For each flask of protoplasts (40ml) approximately 30 1 ml samples can be used. The 
experience in the Miller lab has been that repeatability between samples goes down when you 
increase to 40 or more samples. Part of the reason may be that the cells begin to lyse by the 
end of electroporarion as they are resuspended between each sample. 
Within each experiment, I include a duplicate negative control (water only) and a positive 
control representing full activity. In my case this is 5'UTR143-fluc-sg2869, it may be appropriate to 
utilize capped and polyadenylated f-ludferase with vector derived UTRs. I use the same positive 
in all experiments, not only to know that the procedure worked but also to normalize between 
experiments. In addition, I include capped and polyadenylated renilla-ludferase in all samples, 
excluding the negative control, as a constant to control for electroporarion effidency and cell 
number. Each experimental sample is repeated at least in triplicate. For a typical experiment, I 
can perform eight experimental samples in triplicate, plus my positive and negative controls. For 
certain experiment such as quantitation of frameshifring, additional controls will be required. Do 
not be tempted to increase the total sample number far beyond 30. 
Preparation of protoplasts (adapted from Dinesh Kumar's protocol) 
1. Use seven day old cell culture for best results. Sterilize the hood using UV light. 
2. Transfer cells to 15ml conical tubes (40 to 50ml total into four tubes). Allow cells to 
settle and discard supernatent. 
3. Add 40ml enzyme solution (0.2g cellulysin — RS Yakult Honsha Co., 0.66g hemicellulase — 
H2125 Sigma, 0.08g driselase D9515 Sigma, in 40ml ASW, pH 5.7, filtered through 0.22 
micron filter). 
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4. Divide between two petri dishes. Seal with parafilm, wrap in aluminum foil, and shake at 
40 RPM at room temperature for approximately 16 hours. 
5. Check the plates under the microscope. Proceed only if you see intact, individual 
spherical protoplasted cells. Very carefully pipet cells into 15ml conical tubes. Centrifuge 
at 100g (700 RPM) for 5 minutes in a swinging bucket rotor at 16°C. 
6. Discard the supernatant and add 10 ml of ASW:0.6M mannitol (1:1) into each tube. 
Resuspend very gendy by pipeting up and down with the automated pipet along the walls 
of the tube. Centrifuge at 100g (700 RPM) for 5 minutes in a swinging bucket rotor at 
16°C. Repeat wash step once more. 
7. Discard the supernatant, wash as above using electroporarion buffer containing 0.2mM 
spermidine. 
8. Very gently resuspend protoplasts in electroporarion buffer containing 0.2 M spermidine, 
in a volume sufficient for all experiments (30 to 40ml). 
9. Check a few cells under a microscope. Proceed only if cells look completely intact. 
10. Aliquot 2 pmol RNA to RNAase free tubes. Keep on ice. 
11. Dispense 5ml MS media plus 0.4M mannitol into six well petri plates. 
12. Add 1ml protoplasts to RNA using a wide bore pipet rip, electroporate immediately. 
Conditions for the Miller lab BTX T820 Electrosquareporator are 1 pulse for 6 
milliseconds, at 300 V in a 4mm cuvette. Do not allow RNA to sit with protoplasts, 
RNAases from the protoplasts will rapidly degrade your RNA. 
13. Using the empty I ml pipet rip used to dispense protoplasts remove 1ml media from petri 
dishes. Pour electroporated protoplasts into remaining media, gently wash the cuvette 
with media in rip and pour back into plate. 
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14. Wrap samples in aluminum foil, and incubate for four hours at room temperature. 
15. Harvest protoplasts by carefully transferring protoplasts to 15ml conical tubes, centrifuge 
at 100g (700 RPM) for 5 minutes in a swinging bucket rotor at 16°C. 
16. Aspirate off supernatent, being careful not to disturb cell pellet. Resuspend in 50|xL 2X 
cell lysis buffer (Promega, dual luciferase assay kit reagent). 
17. Transfer to 1.5ml eppendorf tube, centrifuge at 4°C for 15 minutes at maximum speed. 
Resulting supernatant can be used direcdy for luciferase assays. 
Artificial Sea Water (ASW) 
For 500ml 
NaCl 311 mM 9.09 g 
MgS04 18.8 mM 1.13 g 
CaCl,'H,G 6.8 mM 0.5 g 
MES 10 mM 1.066 g 
KCl 6.9 mM 0.257 g 
MgCl,'6H,O 16.7 mM 3.63 g 
NaHCO, 1.75 mM 0.074 g 
Adjust the pH to 6.0 and autoclave 
Electorporarion buffer 
KH2P04 10 mg 
NaCl 57.5 mg 
Na2HP04«7H20 3.75 g 
Mannitol 18.2 g 
Adjust the volume to 495ml with water. Adjust the pH to 7.2. Autoclave, cool to room 
temperature, then add 4ml of filter sterilized 400mM CaCl2. Store at room temperature. 
Ljtciferase assays 
These protocols have been useful for luciferase readings on our TD 20/20 luminometer 
for both in vitro and in vivo assays. I use 50(1.1 reagent, brought to room temperature, and 5|ll of 
sample. Begin by setting the sensitivity according to the highest expressing sample (generally your 
positive control). I try to get the reading around 3000 to 4000 RLU. WGE assays will have a 
much higher activity, sensitivity is usually between 30 to 50%, protoplasts generally require 80 to 
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100%. Initially read each sample twice to be sure there is little variation within readings for a 
single sample. If a significant variation within a sample is detected, continue to read samples 
twice to obtain an accurate reading. Usually there is little variation with sample readings. It is not 
uncommon to see large variations between replications in a sample. If these variations are not 
corrected for by renilla activity (see below) extra care needs to be taken to be sure equivalent 
amounts of RNA and protoplasts are added in each reaction. 
The water only controls represent background expression of luciferase and should be very 
close to zero for firefly. Background of renilla is often around 200 RLU. The renilla luciferase 
reading represents electroporarion efficiency. I normalize each firefly reading to a relative renilla 
reading to account for this variability. Usually, this results in much less variation between 
readings. Alternatively, protein concentration of each sample can be measured and data 
normalized in this way. I find this to be less useful, as it only accounts for the total number of 
protoplasts in a sample (which should be very close) and not for electroporarion into 
translarionally competent cells. Lastly, with each data point in triplicate, it is possible to calculate 
standard deviations and if needed weed out outlying points. There are algorithms appropriate for 
determining outlying points, although I have found that rarely is a data point sufficiently deviant 
to be discarded. 
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APPENDIX D 
EVALUATION OF UNRELATED TRANSLATION ELEMENTS 
Introduction 
As part of a cooperative project with Plant Genetic Systems NV, we investigated potential 
cap-independent translation elements for function in plants. The purpose of this objective was to 
identify elements that could be useful for expression of proteins in plants, much as we have 
hoped that the BYDV element will be. Two promising candidates were selected, the bovine viral 
diarrhea virus internal ribosome entry site (BVDV 1RES), and cereal yellow dwarf virus RPV-NY 
isolate (CYDV-RPV, Figure 2) RNA. The BVDV 1RES reportedly works in a much wider range 
of cell types than many other mammalian virus elements (Chon et al., 1998), and was suggested 
that it may function in plants (Ruben Donis, personal communication). Insect viruses RhPV and 
CrPV, which have very unique 1RES sequences that allow initiation from the P site in the 
ribosome, function not only in insect cells, but also plant and animal cells (Sasaki and Nakashima, 
2000, Wilson et al., 2000). One plant tobamovirus, crucifer infecting tobamovirus (crTMV), 
reportedly contains an 1RES (Ivanov et al., 1997). Although BVDV uses a different mechanism 
for initiation, evidence exists that IRESes can work in plants. CYDV has been sequenced and 
cloned by our lab, and its method of translation is yet unknown. CYDV is a member of the 
genus Polerovirus, in the Lu/eovmdae family of viruses. Poleroviruses have a viral 5' genome linked 
protein (VPg) and lack a 3' poly(A) tail. The absence of a cap and poly(A) tail suggest that 
CYDV, as well as other poleroviruses, may contain an element that allows them to translate 
efficiently without a cap. Although ORFs 3, 4, and 5 are related to luteoviruses, poleroviruses lack 
sequence corresponding to subgenomic RNA2 in BYDV, and the 5' ORFs (0,1,2) are more 
closely related to sobemoviruses. 
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BspMI. 4440 Acc6Sl. 5723 CYDV-RPV (5723 bps) 
Figure 2. Genome organization of CYDV RPV. Predicted open 
reading frames are indicated, as well as the position of important 
restriction sites. 
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Results 
Three plasmids were obtained from Dr. R. Donis (U. Nebraska) containing the CAT and 
luciferase genes in a dual reporter cassette. Plasmid pBi contains CAT and LUC ORFs separated 
by a short spacer, pBi456F contains CAT and LUC separated by 456 nt of viral sequence (bases 
2198-2654), and pBiS'BVDV contains CAT and LUC separated by the BYDV 1RES. In each 
case, CAT is expressed as the upstream ORF. Luciferase expression from pBi and pBi456F is 
defined as background, while expression of luciferase from pBiS'BVDV, minus that from pBi, 
represents 1RES activity. Figure 3 shows translation of each mRNA in wheat germ extracts. It is 
clear that the downstream LUC ORF is not expressed in wheat germ extracts from any of these 
RNAs, therefore the BVDV 1RES does not function in this in vitro system. The possibility 
remains that the BVDV 1RES may function in plant cells due to the requirement for protein 
factors depleted in wheat germ translation extracts. 
Three full length, but non-infectious clones of CYDV-RPV (RPV3, RPV12, RPV23) were 
obtained from Randy Beckett. The genome organization of CYDV and pertinent restriction 
enzyme sites are shown in Figure 2. Each plasmid was linearized with Acc65I and transcribed 
with T7 polymerase to give genome length mRNAs either with or without a cap, and translated in 
WGE. Clones RPV3 and RPV23 translated equally well without a cap (RPV3 shown in Figure 4 
and data not shown). RPV12 showed a much lower level of cap-independent translation, and was 
not useful for this study. Having established that CYDV -RPV will translate cap-independently in 
vitro it became necessary to determine the optimum potassium concentration (data not shown). 
The concentration of potassium has been shown to alter the frameshift rate, therefore it was 
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Figure 3. Translation of BVDV 1RES in WGE. 0.2 pmol RNA with or without the 
BVDV 1RES were translated in WGE with Î3S-Met and the products resolved on SDS-
PAGE. Positions of CAT and LUC translation products are marked. C and U denote 
capped or uncapped transcripts. 
BYDV M CYDV-RPV3 
BMV94K FJI length Minus TE 5723 4444 3194 2006 1138 
U C U  C U C  U C  U C  U C  U C  
ORF1 
ORF1 
BYDV 39K (truncated) 
BMV35K —-
__ ORFO 
BMV20K ^ 
22. 35.4 0.7 1.1 1.0 5.2 3.0 
Figure 4. Translation of CYDV RNAs. Both capped and uncapped RNAs of full length 
BYDV and CYDV, as well as truncated versions of CYDV, were translated in WGE. The 
stimulation from the addition of a cap for the 39kDa (BYDV) or the 29kDa (CYDV) 
proteins are shown at the bottom of the gel. 
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important to determine its effect on expression of product ORFl and ORFl+2 (Di et al., 1993) 
expressed by leaky scanning through ORFO and frameshifting of ORFl. A final concentration of 
160 mM potassium acetate gave the optimum amount of ORFl, the amount of ORFl+2 was too 
low to detect. This level of potassium was used in all translations of CYDV. 
To map the TE sequence in CYDV RNA, truncations of the viral RNA were made using 
restriction enzymes sites indicated in Figure 2. As a control, full length BYDV RNA with or 
without a functional TE was also translated in WGE. Translation of BYDV genomic RNA is 
stimulated only 2-fold by the addition of a cap, whereas in an mRNA without a TE, translation is 
stimulated 35 fold by a cap (Figure 4). Similarly, genomic RNA from CYDV translates equally 
well with or without a cap, even when the 3' half of the genome has been deleted (3194, compare 
capped to uncapped). When truncated to nucleotide 2008, a small but significant amount of cap 
independent translation is lost. This deletion also truncates the ORFl gene product, note shorter 
band near the top of the geL Deletion to ntll38 abolishes translation of the ORFl product, but 
has only a minor defect in cap independent translation. These data show that unlike BYDV, the 
in vitro defined TE in CYDV is not located in the 3'UTR, but is primarily located in the first 
lOOOnt. 
To test if the TE function resides primarily in the 5'UTR of CYDV, the 5' 173nt were 
cloned directly before the firefly luciferase gene. Using this reporter gives a quick way to assay for 
TE activity both in vitro and in vivo, and provides direct comparisons to activity of the BYDV TE 
and capped mRNAs. In WGE, translation of CYDV 5'UTR173-luc was approximately 2/3 that of 
BYDV TE10S-luc (Table 3). Addition of a cap to CYDV 5'UTRI73-luc stimulated translation 3 
fold, precisely what was observed using viral truncations (Figure 4), demonstrating that the 
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reporter reflects translation from viral RNA. These results isolate the in vitro defined CYDV TE 
to the 5'UTR. 
The CYDV TE was also tested for in vivo function in oat protoplasts, with and without 
the additions of either 5' cap or poly (A) tails. In contrast to the in vitro assays, the CYDV TE 
does not function in vivo (data not shown). It is very likely that similar to the BYDV TE, 
additional elements are required for CYDV TE function in vivo. Possibly the three to five-fold 
reduction in translation from truncations before nt 3194 reflect the in vivo requirement for 
additional sequences. 
Discussion 
Viruses such as tobacco etch virus (TEV) and tobacco mosaic virus (TMV) contain very 
efficient 5' leaders, allowing them to translate somewhat cap-independently (Gallic et al., 1995; 
Niepel and Gallic, 1999, Carrington and Freed, 1990). Despite the presence of a 5' cap, TMV also 
has a leader that further promotes translation, dubbed the Q sequence. TMV £2 has been found 
to interact with a heat shock protein hspl02, whose role in translation is yet unknown. The VPgs 
of potyviruses such as TEV interact with the cap-binding proteins eIF4E and eIFiso4E in the 
yeast two-hybrid system (Schaad et al., 2000; Leonard et al., 2000). Whether this interaction is 
involved in translation initiation or in another part of the viral life cycle such as movement or 
replication is not yet known. Loss of eIF4E function in plants infected with TEV inhibits virus 
replication, demonstrating that the interaction between VPg and eIF4E is essential to potyviruses 
(J. Carrington, personal communication). It is intriguing why potyviruses have 5'UTRs that 
provide cap-independent and bind eIF4E to the VPg in an apparently redundant function. 
In the in vitro WGE translation system, the 5'UTR of CYDV endows efficient cap-
independent translation equivalent to that derived from the TE of BYDV. At least in this assay, 
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RNA WGE Protoplasts 
RPV-luc 32 0.0 
cRPVluc 87 2.2 
RPV-lucA 0.9 
cRPVIucA 173 
lue 3.0 0.1 
cluc 100 1.3 
lucA 1.6 
clucA 100 
TE-luc 46 0.5 
TE-luc-A 45 
TEBF-luc 14 0.0 
TEBF-luc-A 1.3 
Table 3. Translation of RNAs containing the CYDV-RPV 5'UTR, bases 1-173, preceding the 
firefly luciferase gene. In vitro (wheat germ extracts) on uncapped and capped versions of 
RNAs were tested, each construct was also tested with polyadenylated versions in vivo (oat 
protoplasts. Capped luciferase (clue, in vitro) or capped, polyadenylated luciferase (clucA, in 
vivo) were set to 100% relative light units. RNAs containing the TE105 or TEBF as the 5'UTR 
are included for comparison to RPV-luc expression. 
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the result is reminiscent of those of TEV, in which the 5' leader confers cap-independent 
translation in the absence of the VPg. The homology between CYDV and BYDV exists only in 
the region of ORFs 3,4, and 5. The 3'UTR of CYDV-RPV is only 167 nt, and completely lacks 
any sequence analogous to sgRNA2 of BYDV (Vincent et al., 1991). It is therefore not surprising 
that CYDV does not have a 3'TE, but contains its TE in the 5'UTR. These results are in stark 
contrast to those of Juszczuk et al. (2000), who found that the leader sequences of potato leaf roll 
virus (the type member of the Polerovirus genus) decreased translation of the downstream ORF. 
It is possible that PLRV and CYDV have diverged significantly enough for this discrepancy in 
function to exist. The primary sequences of the CYDV and PLRV 5'UTRs are only around 30% 
identical. Comparison of conserved secondary structures using GeneBee 
fhttp:/ /www.gcncbcc.msu.su/services/rna2 reduced.html) show a small degree of similarity 
betweens stems I and II, and much less from the stem III region (Figure 6). Further comparison 
of the two viral leaders is required before the question can be satisfactorily answered. 
The 5'UTR of CYDV RNA was folded using Mfold (Zuker, 1989), and may form quite 
an interesting structure. Most notably, the very 5' end is predicted to be single stranded. There is 
a 17 base polypyrimidine tract (16/17) preceding the start codon strikingly similar to that present 
in the BYDV 5'UTR. Before the polypyrimidine tract is a y-shaped stem-loop structure that 
appears to be quite stable and presumably would impact the efficiency of ribosomal scanning 
through the 5'UTR. When the CYDV constructs were tested in oat protoplasts, they only 
translated when a 5' cap was added. The addition of a poly (A) tail without a cap did not enhance 
translation. The 5'UTR of CYDV is not sufficient to allow cap-independent translation in vivo. 
Additional elements must be required for translation that were not included. It is also possible 
that the VPg not attached to reporter mRNAs is required for additional interactions in vivo, or that 
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viral sequence downstream of the 5'UTR contributes to translation in vivo. At this time, the lack 
of a functional defined in vivo element from CYDV limits its utility in plants. 
The BVDV 1RES has no function in wheat germ extracts, and although it is possible that 
additional factors present in vivo may allow it to function. The EMCV 1RES was able to promote 
expression of luciferase in plants under the control of the CaMV 35S promoter, with variations in 
tissue specific expression (Urwin et al., 2000). It will be useful to evaluate the BVDV 1RES in 
protoplasts and in transgenic plants. 
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Figure 6. Predicted secondary structure of the CYDV 5'UTR, bases 1 to 175, including the 
initiation codon are shown. The polypyrimidine tract extends from base 125 to 141, much of 
which is predicted to be base paired. 
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APPENDIX E - YEAST THREE HYBRID SYSTEM TO DETECT 
BINDING PROTEINS 
Introduction 
Very fexv reliable in-vivo systems have been designed to identify specific RNA-protein 
interactions. One excellent system is the yeast three-hybrid assay, that is utilized to obtain cDNA 
clones for proteins interacting with a known partner. The three-hybrid system was designed 
specifically to define interactions between bait RNA molecule and an unknown protein (Sengupta 
et al., 1996; Kraemer et al., 2000). This system has shown great promise for identifying novel 
interactions and appears well suited to identify the binding partners for the 3' TE. 
The three-hybrid system is similar to the yeast two-hybrid system, which uses protein-
protein interactions to activate a reporter gene. In the three-hybrid system, one of these 
interactions is substituted by a hybrid RNA molecule to form a bridge between the two proteins. 
In the system we used, the LexA DNA-binding domain is fused to the MS2 coat protein. A 
hybrid RNA containing the MS2 RNA, that interacts with MS2 coat protein, connected to the 
RNA of interest is introduced on a plasmid. On a second plasmid, the protein under 
investigation (or a cDNA library) is produced as a fusion to the Gal4 activation domain. The 
LexA/MS2 fusion binds to the LexA operon, and triggers transcription of the downstream 
reporter only when the activation domain is recruited via an interaction of the coat protein-MS2-
RNA-unknown protein. Two reporters are generally used, Lac Z and HIS3. 
To use the yeast 3-hybrid system to evaluate interactions between the TE and known 
initiation factors the TE105 and TEBF were cloned into yeast RNA expression vectors 
pIIIA/MS2-l and pHIA/MS2-2. These vectors are distinguished by the orientation of the insert 
relative to MS2, in pIIIA/MS2-l MS2 precedes the insert, in pIIIA/MS2-2 MS2 follows. RNA 
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fusions were folded using Mfold to predict unforeseen changes in secondary structure. Activity of 
the inserted MS2-TE105 fusion RNA was tested in the trans inhibition assay, and activity shown to 
be equivalent to TE105 alone. These data suggest that the MS2 fusion should not affect TE 
activity in yeast cells. Activation domain clones of initiation factors including wheat eIF4E, 
eIFiso4E, eIF4G, eIFiso4G, eIF4A, and eIF4B were given to us from Dr. Karen Browning. A 
maize cDNA library cloned into an activation domain plasmid was also obtained from Dr. Pat 
Schnable. 
Results and Discussion 
Preliminary tests using the IRE/IRP control plasmids have shown that a minimum 
concentration of 5 mM 3-aminotriazole in the media is required for specific interactions between 
bait and prey plasmids (Fig. 7). This concentration completely eliminates background colonies in 
the first selection step, and was used to assist in eliminating false positives during library 
screening. Using the known initiation factors as "prey", I was able to detect the interaction 
between the STNV TE and eIFiso4E from wheat. This interaction was verified using the His3 
and LacZ reporters. No detectable interaction with eIF4E was detected, possibly because eIF4E 
from wheat shows significant similarity to yeast eIF4E (55%) and is co-opted for cellular 
translation (Karen Browning, personal communication). Despite the predicted interaction of the 
TEio5 with eIFiso4E, no interaction with this protein or any other initiation factor was detected in 
this system. It is possible that TE105 requires additional factors for binding not present in yeast 
(such as eIFiso4G), the interaction is too weak to detect, or simply the RNA does not fold 
properly to bind. 
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Figure 7. Interactions of bait RNAs with prey proteins on SD-his-leu media, with 
(right) or without (left) 3-aminotriazole (3AT). Without 3AT, all yeast strains 
transformed with the prey plasmid grow (bottom three lines on left). With 3AT, only 
the positive control, IRE/IRP, interacts strongly enough to survive (top right). 
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Preliminary library screening we performed by plating high-efficiency transformations 
(Biol 01) on his-minus media to screen for positive HIS3 expression. Yeast colonies growing on 
his-minus media were further screened for expression of LacZ to verify the interaction. Putative 
RNA-binding protein plasmids were purified, and re-introduced with TE105, TEBF, and empty 
vector plasmids to evaluate if the interaction was real. After screening approximately 50000 
transformants, three colonies were selected as positives, BYDV 1A and BYDV 8, and 51-9. Of 
these, activation domain plasmid was only recovered from 51-9. When 51-9 was reintroduced, it 
activated transcription of LacZ regardless of the RNA plasmid introduced, although requiring this 
plasmid for activation. This clone appears to be a non-specific RNA binding protein, yet may be 
of interest as it does require an MS2 RNA fusion to activate transcription. The cDNA sequence 
of 51-9 shows 93% similarity to an LSI-like gene from Arabidopsis. Although LSI does not 
specifically recognize the 3TE, it is an interesting gene in itself. It is involved in photosynthesis 
and its expression regulated translationally by light, (Dan Gallic, personal communication). 
Despite the lack of specific TE105-interacting proteins, the yeast three-hybrid system 
should be a versatile tool to study other RNA-protein interactions in the lab. These include, but 
are not limited to, binding of genomic RNA to replicase, binding of RNA to coat protein, 
interaction of viral proteins with cellular proteins (two-hybrid), and testing of random RNA 
sequences that interact with viral proteins. 
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GLOSSARY 
AMV alfalfa mosaic virus 
BMV brome mosaic virus 
BVDV bovine viral diarrhea virus 
BYDV barley yellow dwarf virus 
CSFV classical swine fever virus 
CMV cucumber mosaic virus 
CrPV cricket paralysis virus 
crTMV cruciferous tobacco mosaic virus 
CYDV cereal yellow dwarf virus 
DCV drosophila C virus 
EMCV encephalomyocardiris virus 
FMDV foot and mouth disease virus 
HAV hepatitis A virus 
HCV heparins C virus 
HiPV himetobi P virus 
hpi hours post inoculation 
HRV human rhinovirus 
In vitro Unless otherwise specified, meaning translation in wheat germ extracts from Promega 
In vivo Unless otherwise specified, meaning transient expression of RNA in oat protoplasts 
IRE iron response element 
1RES internal ribosome entry site, allows translation initiation independent of the 5' end 
IRP iron regulatory protein 
lue luciferase, flue for firefly luciferase and rluc for renilla luciferase 
MuLV murine leukemia virus 
ORF open reading frame 
PCBP poly(C) binding protein 
PLRV potato leaf roll virus 
PPV plum pox virus 
PSIV Plautia s tali intestine virus 
PV 
FVX 
RCNMV 
RhPV 
SBMV-C 
srv 
SLBP 
STNV 
TBSV 
TCV 
TE 
TED 
TEV 
TMEV 
TMV 
TNV 
TuMV 
UTR 
VPg 
WGE 
WNV 
190 
poliovirus 
potato virus X 
red clover necrotic mosaic virus 
rhopalisiphum padi virus 
southern bean mosaic virus strain C 
simian immunodeficiency virus 
stem-loop binding protein 
satellite tobacco necrosis virus 
tomato bushy stunt virus 
turnip crinkle virus 
Translation Element, required for cap independent translation of BYDV. Defined in 
vitro as bases 4814 to 4918, in vivo constructs contain bases 4809 to 5677. 
translation enhancer domain, applies to bases 621 to 741 of STNV 
tobacco etch virus 
Theiler's murine encephalomyelitis virus 
tobacco mosaic virus 
tobacco necrosis virus 
turnip mosaic virus 
untranslated region, in the literature also seen as NCR, non-coding region, or NTR, 
non-translated region 
viral genome linked protein 
wheat germ extract, used for in vitro translation assays 
west nile virus 
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